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PEEFACE. 


I  HAVE  endeavoured,  in  the  following  Treatise,  to  convey 
as  complete  an  account  of  the  present  state  of  knowledge  on 
the  subject  of  Differential  Equations,  as  was  consistent  with 
the  idea  of  a  work  intended,  primarily,  for  elementary  instruc- 
tion. It  was  my  object,  first  of  all,  to  meet  the  wants  of  those 
who  had  no  previous  acquaintance  with  the  subject,  but  I  also 
desired  not  quite  to  disappoint  others  who  might  seek  for  more 
advanced  information.  These  distinct,  but  not  inconsistent 
aims  determined  the  plan  of  composition.  The  earlier  sections 
of  each  chapter  contain  that  kind  of  matter  which  has  usually 
been  thought  suitable  for  the  beginner,  while  the  latter  ones 
are  devoted  either  to  an  account  of  recent  discovery,  or  to  the 
discussion  of  such  deeper  questions  of  principle  as  are  likely  to 
present  themselves  to  the  reflective  student  in  connexion  with 
the  methods  and  processes  of  his  previous  course.  An  appen- 
dix to  the  table  of  contents  will  shew  what  portions  of  the 
work  are  regarded  as  sufficient  for  the  less  complete,  but  still 
not  unconnected  study  of  the  subject. 

The  principles  which  I  have  kept  in  view  in  carrying  out 
the  above  design,  are  the  following : 

lsi>  In  the  exposition  of  methods  I  have  adhered  as  closely 
as  possible  to  the  historical  order  of  their  development. 

I  presume  that  few  who  have  paid  any  attention  to  the 
history  of  the  Mathematical  Analysis,  will  doubt  that  it  has 
been  developed  in  a  certain  order,  or  that  that  order  has  been, 
to  a  great  extent,  necessary — ^being  determined,  either  by  steps 
of  logical  deduction,  or  by  the  successive  introduction  of  new 
ideas  and  conceptions,  when  the  time  for  their  evolution  had 
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arrived.  And  these  are  causes  which  operate  in  perfect  har- 
mony. Each  new  scientific  conception  gives  occasion  to  new 
applications  of  deductive  reasoning;  but  those  applications 
may  be  only  possible  through  the  methods  and  the  processes 
which  belong  to  an  earlier  stage. 

Thus,  to  take  an  illustration  from  the  subject  of  the  follow- 
ing work, — ^the  sohition  of  ordinary  simultaneous  differential 
equations  properly  precedes  that  of  linear  partial  differential 
equations  of  the  first  order ;  and  this,  again,  properly  precedes 
that  of  partial  differential  equations  of  the  first  order  which  are 
not  linear.  And  in  this  natural  order  were  the  theories  of 
these  subjects  developed.  Again,  there  exist  large  and  very 
important  classes  of  differential  equations  the  sohition  of  which 
depends  on  some  process  of  successive  reduction.  Now  such 
reduction  seems  to  have  been  effected  at-fii'st  by  a  repeated 
change  of  variables ;  afterwards,  and  with  "greatefr  generality, 
by  a  combination  of  such  transformations  with  others  involv- 
ing differentiation ;  last  of  all,  and  with  greatest  generality,  by 
sjmabolical  methods.  I  think  it  necessary  to  direct  attention 
to  instances  like  these,  because  the  indications  which  they 
afford  appear  to  me  to  have  been,  in  some  woAs  of  great 
ability,  overlodked,  and  because  I  wish  to  explain  my  motives 
for  departing  from  the  precedent  thus  set. 

Now  there  is  this  reason  for  grounding  tlie  order  of  expo- 
sition upon  the  historical  seqiicmce  of  discovery,  that  by  so 
doing  we  are  most  likely  to  present  each  new  form  of  truth  to 
the  mind,  precisely  at 'that  stage  at  which  the  mind  is  most 
fitted  to  receive  it,  or  even,  like  that  of  the  discoverer,  to  go 
forth  to  meet  it.  Of  the  many  forms  of  false  culture,  a  pre- 
mature converse  with 'abstractions  is  perhaps  the  most  likely 
to  prove  fatal  to  the  growth  off  a  masculine  vigour  of  intellect. 

In  accordance  with  tbe  above  principles  I  have  reserved 
the  'eiq)08ition,  and,  with  one  unimportant  exception,  the  ap- 
piicdtion  of  symbolical  methods  to  the  end  of  the  work.    The 
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propriety  of  this  course  appears  to  me  to  be  confirmed  by  an 
examination  of  the  actual  processes  to  which  symbolical 
methods,  as  applied  to  differential  equations,  lead.  Generally 
speaking,  these  methods  present  the  solution  of  jbhe  proposed 
equation  as  dependent  upon  the  performance  of  certain  inverse 
operations.  I  have  endeavoured  to  shew  in  Chap,  xvi.,  that 
the  expressions  by  which  these  inverse  operations  are  sym- 
bolized are  in  reality  a  species  of  interrogations^  admitting  of 
answers,  legitimate,  but  differing  in  species  and  character  ac- 
cording to  the  nature  of  the  transformations  to  which  the 
expressions  from  which  they  are  derived  have  been  subjected. 
The  solutions  thus  obtained  may  be  particular  or  general, — 
they  may  be  defective,  wholly  or  partially,  or  complete  or 
redundant,  in  those  elements  of  a  solution  which  are  termed 
arbitrary.  If  defective,  the  question  arises  how  the  defect 
is  to  be  supplied ;  if  redimdant,  the  more  difficult  question 
whether  the  redundancy  is  real  or  apparent,  and  in  either 
case  how  it  is  to  be  dealt  with,  must  be  considered.  And 
here  the  necessity  of  some  prior  acquaintance  with  the  things 
themselves,  rather  than  with  the  symbolic  forms  of  their  ex- 
pression, must  become  apparent.  The  most  accomplished  in 
the  use  of  symbols  must  sometimes  throw  aside  his  abstrac- 
tions and  resort  to  homelier  methods  for  trial  and  verification 
— ^not  doubting,  in  so  doing,  the  truth  which  lies  at  the  bottom 
of  his  symbolism,  but  distrusting  his  own  powers. 

The  question  of  the  true  value  and  proper  place  of  sym- 
bolical methods  is  undoubtedly  of  great  importance.  Their 
convenient  simplicity — ^their  condensed  power — must  ever 
constitute  their  first  claim  upon  attention.  I  believe  how- 
ever that,  in  order  to  form  a  just  estimate,  we  must  consider 
them  in  another  aspect,  viz.  as  in  some  sort  the  visible  mani- 
festation of  truths  relating  to  the  intimate  and  vital  con- 
nexion of  language  with  thought — ^truths  of  which  it  may  be 
presumed  that  we  do  not  yet  see  the  entire  scheme  and  con- 
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nexion.  But,  "while  this  consideration  vindicates  to  them  a 
high  position,  it  seems  to  me  clearly  to  define  that  position. 
As  discussions  about  words  can  never  remove  the  difficulties 
that  exist  in  things,  so  no  skill  in  the  use  of  those  aids  to 
thought  which  language  furnishes  can  relieve  us  from  the 
necessity  of  a  prior  and  more  direct  study  of  the  things  which 
are  the  subjects  of  our  reasonings.  And  the  more  exact, 
and  the  more  complete,  that  study  of  things  has  been,  the 
more  likely  shall  we  be  to  employ  with  advantage  all  instru- 
mental aids  and  appliances. 

But  although  I  have,  for  the  reasons  above  mentioned, 
treated  of  symbolical  methods  only  in  the  latter  chapters  of 
the  work,  I  trust  that  the  exposition  of  them  which  is  there 
given  will  repay  the  attention  of  the  student.  I  have  endea- 
voured to  supply  what  appeared  to  me  to  be  serious  defects  in 
their  logic,  and  I  have  collected  under  them  a  large  number 
of  equations,  nearly  all  of  which  are  important, — from  their 
connexion  with  physical  science  or  for  other  reasons. 

2ndly,  I  have  endeavoured,  more  perhaps  than  it  has  been 
usual  to  do,  to  found  the  methods  of  solution  of  differential 
equations  upon  the  study  of  the  modes  of  their  formation.  In 
principle,  this  course  is  justified  by  a  consideration  of  the  real 
nature  ^of  inverse  processes,  the  laws  of  which  must  be  ulti- 
mately derived  from  those  of  the  direct  processes  to  which 
they  stand  related ;  in  point  of  expediency  it  is  recommended 
by  the  greater  simplicity,  and  even  in  some  instances  by  the 
greater  generality,  of  the  demonstrations  to  which  it  leads. 
I  would  refer  particularly  to  the  demonstration  of  Monge's 
method  for  the  solution  of  partial  differential  equations  of 
the  second  order  given  in  Chap.  XV. 

With  respect  to  the  sources  from  which  information  has 
been  drawn,  it  is  proper  to  mention  that,  on  questions  re- 
lating  to  the  theory  of  differential  equations,  my  obligations 
are  greatest  to  Lagrange,  Jacobi»  Cauchy,  and,  of  living 
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writers,  to  Professor  De  Morgan.  For  methods  and  exam- 
ples, a  very  large  number  of  memoirs  English  and  foreign 
have  been  consulted :  these  are,  for  the  most  part,  acknow- 
ledged. At  the  same  time  it  is  right  to  add  that,  in  almost 
every  part  of  the  work,  I  found  it  necessary  to  engage  more 
or  less  in  original  investigation,  and  especially  in  those  parts 
which  relate  to  Biccati's  equation,  to  integrating  factors,  to 
singular  solutions,  to.  the  inverse  problems  of  Geometry  and 
Optics,  to  partial  differential  equations  both  of  the  first  and 
second  order,  and,  as  has  already  been  intimated,  to  symboli- 
cal methods.  The  demonstrations  scattered  through  the  work 
are  also  many  of  them  new,  at  least  in  form. 

In  recent  years  much  light  has  been  thrown  on  certain 
classes  of  differential  equations  by  the  researches  of  Jacobi 
on  the  Calculus  of  Variations,  and  of  the  same  great  analyst, 
with  Sir  W.  R.  Hamilton  and  others,  on  Theoretical  Dyna- 
mics. I  have  thought  it  more  accordant  with  the  design 
of  an  elementary  treatise  to  endeavour  to  prepare  the  way 
for  this  order  of  inquiries  than  to  enter  systematically  upon 
them.  This  object  has  been  kept  in  view  in  the  writing  of 
various  portions  of  the  following  work,  and  more  particularly 
of  that  which  relates  to  partial  differential  equations  of  the 
first  order. 
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In  composing  his  Treatise  on  Differential  Equations  Pro- 
fessor Boole  found  himself  deeply  interested  in  tjie  subject 
to  which  his  first  labours  as  an  original  investigator  had 
been  devoted.  In  consequence  he  determined  soon  after  the 
publication  of  the  volume  to  continue  his  studies  and  re- 
searches with  the  design  of  ultimately  reconstructing  the 
Treatise  on  a  more  extensive  scale.  During  the  last  six 
years  of  his  life  he  worked  steadily  at  this  object ;  and  he 
was  about  to  send  the  first  sheets  of  the  new  edition  to  the 
press  when  he  was  attacked  by  the  illness  which  terminated 
in  his  sudden  and  lamented  death. 

His  manuscripts  were  entrusted  to  me  early  in  the  present 
year.  After  careful  consideration  it  seemed  to  me  that  the 
best  plan  to  pursue  was  to  reprint  the  original  volume,  and 
to  collect  into  a  supplementary  volume  the  additional  matter 
which  had  been  prepared  for  enlarging  the  work.  The  pro- 
priety, I  might  almost  say  the  necessity,  of  this  course  will 
be  shewn  more  conveniently  in  the  preface  to  the  supple- 
mentary volume,  which  will  soon  be' published. 

The  present  volume  then  is  a  reprint  of  the  original 
Treatise  with  changes  and  corrections,  some  of  which  were 
indicated  in  Professor  Boole's  interleaved  copy,  and  some 
of  which  have  been  made  on  my  own  authority.  The 
sheets  have  been  carefully  read  by  the  Rev,  J.  Sephton, 
Fellow  of  St  John's  College,  as  well  as  by  myself;  and  I 
trust  that  few  misprints  or  errors  will  now  be  found  in  the 

volume. 

I.  TODHUNTER. 

St  John*s  CoLLEois,  Gahbbidoe, 
October,  1865. 
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DIFFEEENTIAL   EQUATIONS. 


CHAPTER  L 

OF  THE  NATURE  AND  ORIGIN  OF   DIFFERENTIAL  EQUATIONS. 

1.     What  is  meant  by  a  differential  equation? 

To  answer  this  question  we  must  revert  to  the  fundamental 
conceptions  of  the  Differential  Calculus. 

The  Differential  Calculus  contemplates  quantity  as  subject 
to  variation;  and  variation  as  capable  of  being  measured.  In 
comparing  any  two  variable  quantities  x  and  t/  connected  by 
a  known  relation,  e.g.  the  ordinate  and  abscissa  of  a  given 
curve,  it  defines  the  rate  of  variation  of  the  one,  y,  as  referred 
to  that  of  the  other,  x,  by  means  of  the  fundamental  con- 
^   ception  of  a  limit;  it  expresses  that  ratio  by  a  differential 

coefficient  -^ ;  and  of  that  differential  coefficient  it  shews  how 
ax 

to  determine  the  varying  magnitude  or  value.    Or,  again,  con- 
sidering ^  as  Si  new  variable,  it  seeks  to  determine  the  rate 

of  its  variation  as  referred  to  the  same  fixed  standard,  the 
variation  of  x,  by  means  of  a  second  differential  coefficient 

~,  and  so  on.     But  in  all  its  applications,  as  well  as  in  its 

theory  and  its  processes,  the  primitive  relation  between  the 
variables  x  and  y  is  supposed  to  be  known. 

In  the  Integral  Calculus,  on  the  other  hand,  it  is  the  rela- 
tion among  the  primitive  variables,  x,  y,  &c.  which  is  sought 
In  that  branch  of  the  Integi:al  Calculus  with  which  the  student 
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is  supposed  to  be  already  familiar,  the  differential  coefficient 

-J-  being  given  in  terms  of  the  independent  variable  a:,  it  is 

proposed  to  determine  the  most  general  relation  between  y 
and  a?.,    Expressing  the  given  relation  in  the  form 

|='^(-) W' 

the  relation  sought  is  exhibited  in  the  form 

y  =  j  (f>(x)  dx  +  c. 

In  (1)  "we  have  a  particular  example  of  an  equation  in  the 
expression  of  which  a  differential  coefficient  is  involved.  But 

instead  of  having  as  in  that  example  -^  expressed  in  tenns  of 

X,  we  might  have  that  differential  coefficient  expressed  iu 
terms  of  y,  or  in  terms  of  x  and  y.  Or  we  might  have  an 
equation  in  which  differential  coefficients  of  a  higher  order, 

-t4,  ^sy  &c.,  were  involved,  with  or  without  the  primitive 

variables.  All  these  including  (1)  are  examples  of  differential 
equations.  The  essential  character  consists  in  the  presence  of 
differential  coefficients. 

The  equations 

are  seen  to  be  differential  equations,  the  latter  of  which  con- 
tains, while  the  former  does  not  contain,' the  primitive  vari- 
ables. 

,  And  thus  we  are  led  to  the  following  definition. ' 

Def.  a  differential  equation  is  an  expressed  relation  in- 
volving  differential  coefficients,  with  or  without  the  primitive 
variables  from  which  those  differential  coefficients  are  derived. 


ART.  2.]  OF  DIFFEEENTIAL  EQUATIONS.  3 

That  which  gives  to  the  study  of  diflferential  equations  its 
peculiar  value,  is  the  circumstance  that  many  of  the  most  im- 
portant conceptions  of  Geometry  and  Mechanics  can  only  be 
realized  in  thought  by  means  of  the  fundamental  conception 
of  the  limit.  When  such  is  the  case,  the  only  adequate  ex- 
pression of  those  conceptions  in  language  is  through  the  me- 
dium of  differential  coefficients, — the  only  adequate  expression 
of  the  truths  and  relations  of  which  they  are  the  subjects  is 
in  the  form  of  differential  equations. 


Species,  Order  and  Degree. 

2.  The  species  of  differential  equations  are  determined 
either  by  the  mode  in  which  differential  coefficients  enter  into 
their  composition,  or  by  the  nature  of  the  differential  coeffi- 
cients themselves.  We  may  thus  distinguish  two  great  pri- 
mary classes  of  differential  equations,  viz. : 

1st.  Ordinary  differential  equations,  or  those  in  which  all 
the  differential  coefficients  involved  have  reference  to  a  single 
independent  variable. 

2ndly.  Partial  differential  equations,  characterized  by  the 
presence  of  partial  differential  coefficients,  and  therefore  in- 
dicating the  existence  of  two  or  more  independent  variables 
with  respect  to  which  those  differential  coefficients  have  been 
formed. 

Thus  an  equation  such  as  (2)  or  (3),  involving  no  other 

dti    d  u 
differential  coefficients  than  -^ ,  -^^ ,  &c.  ig  an  ordinary  dif- 
ferential equation,  in  which  x  is  the  independent,  y  the  de- 

dz  dz 

pendent  variable.     An  equation  involving  -r-  and  -j-  would, 

on  the  contrary,  be  a  partial  differential  equation,  having  z 
for  its  dependent,  x  and  y  for  its  independent  varial3les.    The 

equation  ajj-4-y-7-=-e^isa  partial  differential  equation. 

The  present  chapter  will  be  chiefly  devoted  to  the  con- 
sideration of  that  clgss  of  ordinary  differential  equations  in 

1—2 


4  SPECIES,  OBDEB  AND  BEOBEK  [CH.  I. 

which  there  exists  a  single  independent  variable  a?,  a  single 
dependent  variable  y,  and  one  or  more  of  the  differential 
coefficients  of  y  taken  with  respect  to  x ;  tiie  presence  of  the 
last  element  only,  viz,  the  differential  coefficient,  being  essen- 


tial  (Art.  1). 


The  two  following  equations,  in  addition  to  those  already 
given,  will  exemplify  some  of  the  chief  varieties  of  the  species 


under  consideration: 


{ 


=0 (4). 


\dx) )  /^. 


In  (4)  the  independent  variable  a?,  the  dependent  variable 
y,  and  the  differential  coefficient  -^  are  all  involved ;  but, 

while  in  the  previous  examples  J^  appears  only  in  the  first 

degree,  in  the  present  one  it  appears  in  the  second  degree 
and  under  a  radical  sign.    In  (5)  we  meet  with  the  second 

differential  coefficient  ~^  in  addition  to  the  first  differential 

coefficient  ~-  and  the  independent  variable  x. 

The  typical  or  general  form  of  a  differential  equation  of  the 
species  just  described  is 


fix  v^  ^      ^"1=0  m 


with  the  condition,  already  referred  to,  that  one  at  least  of  the 
differential  coefficients  must  explicitly  present  itself.  All  the 
above  equations  may  at  once  be  referred  to  the  typical  form 
by  transposition  of  their  second  member. 
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3.  Differential  Equations  are  ranked  in  order  and  degree 
according  to  the  following  principles, 

Ist.  The  order  of  a  differential  equation  is  the  same  as 
the  order  of  the  highest  differential  coefficient  which  it  con- 
tains. 

2ndly.  The  degree  of  a  differential  equation  is  the  same 
as  the  degree  to  which  the  differential  coefficient  which  marks 
its  order  is  raised,  that  coefficient  being  supposed  to  enter  into 
the  equation  in  a  rational  form. 

Thus  the  equation 


(i)+-i=». 


is  of  the  first  order  and  of  the  second  degree. 
The  equation 

is  of  the  second  order  and  of  the  first  degree. 
The  equation 

IV(^-»i) <"• 

reduced  to  the  rational  form 

®'*4-»-o («)• 

is  seen  to  be  of  the  first  order  and  second  degree. 

The  ground  of  the  preference  which  is  to  be  given  to 
rational  forms  in  the  expression  and  in  the  classification  of 
differential  equations  is,  that  a  rational  form  is  at  the  same 
time  the  most  general  form  of  which  an  equation  is  sus- 
ceptible. Thus  (8)  includes  both  the  equations  which  would 
be  formed  by  giving  different  signs  to  the  radical  in  (7). 

The  typical  form  of  an  ordinary  differential  equation  of  the 
first  order  is  evidently 

^^"^  -  '^  (9). 


K'^'^'i) 
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4.  When  a  differential  equation  is  capable  of  being  ex- 
pressed in  the  form 

S+^.P+^S^-'^^-'-f » . 

in  which  the  coefficients  X^,  X^, . . .  X„  and  the  second  member 
X  are  either  constant  quantities  or  functions  of  the  indepen- 
dent variable  x  only,  the  equation  is  said  to  be  linear.  Equa- 
tions (1),  (2)  and  (3)  are  thus  seen  to  be  linear,  but  (4)  and  (5) 
are  not  linear.  If  we  refer  (3),  after  dividing  both  members 
by  a?,  to  the  general  form  (10),  we  have 

jj^^l^l^rSina? 

When  the  coefficients  X^,  X,,  &c.  in  the  first  member  of  a 
Unear  differential  equation  referred  to  the  above  general  type 
are  constant  quantities,  the  equation  is  defined  as  a  linear 
differential  equation  with  constant  coefficients.  When  those 
coefficients  are  not  all  constant  it  is  defined  as  a  linear  dif- 
ferential equation  with  variable  coefficients.  The  distinction 
is  illustrated  in  the  following  examples  : 


S-2S-f5t-8,  =  sin., 


dx^        da?        dx 

the  former  of  which  is  a  linear  differential  equation  with 
constant  coefficients,  while  the  latter  would  be  described  as 
a  linear  differential  equation  with  variable  coefficients.         «i 


Meaning  of  ike  terms  *  general  solution!  *  complete  primitive.^ 

6.  In  all  differential  equations  there  is,  as  has  been  seen, 
an  implied  reference  tosome  relation  among  variable  quantities 
dependent  and  independent;  such  reference  being  established 
through  the  medium  of  differential  coefficients.  Now  the  chief 
object  of  the  study  of  differential  equations  is  to  enable  us  to 
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determine  whenever  it  is  possible,  and  in  the  most  general 
manner  which  is  possible,  such  implied  relation  among  the 
primitive  variables.  That  relation,  when  discovered,  is,  by 
the  adoption  of  a  term  primarily  applicable  to  the  mode  or 
process  of  its  discovery,  called  the  solviion  of  the  equation. 

Thus  if  the  given  equation  be 

x^  +  y  =  co8x (11), 

the  following  process  of  solution  may  be  adopted.  Multiply- 
ing by  dx,  we  have 

xdy  +  ydx  =  cos  xdx, 

and  integrating,  since  each  member  is  an  exact  differential, 

xy  =  Anx  +  c (12). 

The  result  is  termed  the  solution,  or,  still  more  definitely,  the 
general  solution  of  the  equation.  It  involves  an.  arbitrary 
constant,  c,  by  giving  particular  values  to  which  a  series  of 
particular  solutions  is  obtained.     The  equations 

xy  =  sin  x^ 

ay  =  sina?  +  1, 

are  particular  solutions  of  the  given  differential  equation. 

The  term  solution  is  still  employed,  even  when  the  inte- 
gration necessary  in  order  to  obtain  in  a  finite  and  explicit 
form  the  relation  between  the  variables  cannot  be  effected. 
Thus  if  we  had  the  differential  equation, 

«>^-y-x^  =  o (13). 

we  should  thence  derive  in  succession 

xdy  —  ydx  __  ^dx  ^ 
a?       "^    X   * 


X     J 


e'dx 

X 


+  c (14), 
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and  the  last  result  is  called  the  solution  of  the  given  equation, 
although  it  involves  an  integration  which  cannot  be  performed 
in  finite  terms. 

The  relation  among  the  variables  which  constitutes  the 
general  solution  of  a  differential  equation,  as  above  described, 
is  also  termed  its  complete  primitive.  The  relation  (14)  in- 
volving the  arbitrary  constant  c  is  virtually  the  complete 
primitive  of  the  differential  equation  (13).  It  will  be  observed 
that  the  terms  '  general  solution'  and  *  complete  primitive/ 
though  applied  to  a  common  object,  have  relation  to  distinct 
processes  and  to  a  distinct  order  of  thought.  In  the  strict 
application  of  the  former  term  we  contemplate  the  differential 
equation  as  prior  in  the  order  of  thought,  and  the  explicit 
relation  among  the  variables  as  thence  deduced  by  a  process 
of  solution;  while  in  th-e  strict  use  of  the  latter  term  the 
order  both  of  thought  and  of  process  is  reversed. 


Genesis  of  Differential  Equations. 

6.  The  theory  of  the  genesis  of  differential  equations  from 
their  primitives  is  to  a  certain  extent  explained  in  treatises 
on  the  Differential  Calculus,  but  there  are  some  points  of  great 
importance  relating  to  the  connexion  of  differential  equations 
thus  derived,  not  only  with  their  primitive,  but  with  each 
other,  which  need  a  distinct  elucidation. 

Suppose  that  tlie  complete  primitive  expresses  a  relation 
between  w,  y  and  an  arbitrary  constant  c.  Differentiating  on 
the  supposition  that  x  is  the  independent  variable,  we  obtain  a 

new  equation  which  must  involve  ~- ,  and  which  may  involve 

any  or  all  of  the  quantities  a?,  y  and  c.  If  it  do  not  involve 
c,  it  will  constitute  the  differential  equation  of  the  first  order 
corresponding  to  the  given  primitive.  If  it  involve  c,  then 
the  elimination  of  c  between  it  and  the  primitive  will  lead  to 
•the  differential  equation  in  question. 

Thus  if  the  complete  primitive  be 

m-^ (1), 
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we  have  on  dififerentiation, 

^  =  " (^^' 

and^  eliminating  the  constant  c, 

y't p). 

the  diflFerential  equation  of  the  first  order  of  which  (1)  is  the 
complete  primitive. 

That  primitive  miglit  have  been  so  prepared  as  to  lead  to 
the  same  final  equation  by  mere  differentiation.  Thus,  re- 
ducing the  primitive  to  the  form 

^  =  0. 

we  have  on  differentiating  and  clearing  the  result  of  fractions, 

which  agrees  with  (3).  And  generally,  if  a  primitive  involving 
an  arbitrary  constant  c  be  reduced  to  the  form  (f>  (x,  y)  =  c, 
the  corresponding  differential  equation  will  be  obtained  by 
mere  differentiation  and  removal  of  irrelevant  factors,  i.e.  of 

factors  which  do  not  contain  —■ ,  and  do  not  therefore  affect 

the  relation  in  which  -^  stands  to  x  and  y.    For  it  is  in  that 

relation,  as  already  intimated,  Art.  2,  that  the  essential 
character  of  the  differential  equation  consists. 

It  is  to  be  observed  that  when  the  differentiation  of  a  primi- 
tive involving  an  arbitrary  constant  c  does  not  of  itself  cause 
that  constant  to  disappear,  the  result  to  which  it  leads  is  still 
a  differential  equation,  only  not  that  differential  equation  of 
which  the  equation  given  constitutes  the  complete  primitive. 
Thus,  while  the  complete  primitive  of  (3)  is  (I),  that  of  (2)  is 
y=zcx  +  c\  d  being  now  the  arbitrary  constant, — arbitrary 
as  being  independent  of  any  thing  contained  in  the  differential 
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equation.  Indeed  when  we  consider  ~~=c  ba  the  dififerential 
equation,  the  constant  c,  as  entering  into  its  complete  primitive, 

is  not  arbitrary,  the  value  which  it  bears  in  the  primitive 
being  determined  by  that  which  it  bears  in  the  differential 
equation. 

As  another  illustration  of  the  same  theory,  the  equation 
y^c^  as  complete  primitive  gives  rise  to  the  differential 
equation  of  the  first  order 

while  the  equation  immediately  derived  from  it  by  differ- 
entiation, n\z,   -^  =  ca^y  has  for  its  complete  primitive 

y^ce^'\-c'.  To  the  last  mentioned  differential  equation, 
y  =  ce"*  stands  in  the  relation  of  a  particular  primitive. 


Second  and  Higher  Orders.  . 

7.  It  is  shewn  in  the  previous  section  that  from  an  equa- 
tion containing  x  and  y  with  an  arbitrary  constant  c,  we  can 
by  differentiation,  and  elimination  (if  necessary)  of  that  con- 
stant, obtain  the  differential  equation  of  the  first  order,  of  which 
the  given  equation  constitutes  the  complete  primitive. 

In  like  manner  an  equation  connecting  x,  y,  and  two 
arbitrary  constants  being  given,  if  we  differentiate  twice,  and 
eliminate,  should  they  not  have  already  disappeared,  the 
arbitrary  constants,  we  shall  anive  at  a  differential  equation 
of  the  second  order  free  from  both  the  constants  in  question, 
and  of  which  the  given  equation  constitutes  the  complete 
primitive. 

Thus,  if  we  take  as  the  primitive  equation 

y  =  00/*+  bx (4), 
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we  find  on  differentiation 

1  =  200^  +  6 (5), 

and,  eliminating  b  between  these  equations, 

y^x^-aa,* (^^' 

a  differential  equation  of  the  first  order  free  from  the  constant 
b.     Differentiating  this  equation  we  have 

and,  eUminating  a  between  the  last  two  equations, 

^S-2-|  +  2y  =  0 (7)' 

a  differential  equation  of  the  second  order  free  from  both 
a  and  b. 

In  the  above  example  the  constant  b  was  eliminated  after 
the  first  differentiation,  and  the  constant  a  after  the  second; 
But  the  same  final  result  would  have  been  arrived  at  if  the 
order  of  the  eliminations  had  been  reversed.  Thus,  if  a  be 
eliminated  between  (4)  and  (5),  we  shall  have 

a  differential  equation  of  the  first  order,  different  in  form  from 
(6),  and  involving  b  instead  of  a.  But  on  differentiating  this 
equation  and  eliminating  b,  we  shall  arrive  at  the  same  final 
equation  of  the  second  order  (7). 

And  generally  the  order  in  which  the  constants  are  eliminated 
does  not  affect  tiieform  of  the  final  differential  equation. 

Now  a  little  consideration  will  shew  that  this  is  necessarily 
the  case.  We  are  to  remember  that  the  generality  which  the 
primitive  derives  from  the  presence  of  its  arbitrary  constants 
consists  only  in  this,  that  it  is  thus  made  to  stand  as'  the 
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representative  of  an  infinite  number  of  particular  equations,  in 
each  of  which  these  constants  receive  particular  and  definite 
values.  If  in  any  one  of  the  equations  thus  particularized  we 
further  give  to  x  a  definite  value,  definite  values  will  also 

result  for  y,  -^  ,  -^^ ,  &c.    Thus  to  a  given  abscissa  of  a 

given  curve,  i.e.  of  a  curve  determined  as  to  its  species  by  the 
form  of  its  equation,  and  as  to  its  elements  by  the  values  of  the 
constants  in  that  equation,  correspond  only  definite  values  of  the 
ordinate  y  determining  the  corresponding  points  of  the  curve, 

definite  values  of  —^  determining  the  inclination  of  the  tan- 
gents at  such  points  to  the  axis  of  x,  and  definite  values  of 
-tH  determining,  in  conjunction  with  the  former,  the  measure  of 

curvature  at  the  same  points.  In  other  words,  the  species  of  the 
curve  as  defined  by  an  equation  of  the  form  <^  (x,  y,  a,  J)  =  0 

being  fixed,  the  values  o{  y,  -^  ,  ~A  have  a  fixed  dependence 

on  those  of  a,  b  and  or. 

And  hence  the  equation  4>  (p^t  y>  «,  6)  =  0  being  given,  any 
processes  of  diflferentiation,  elimination,  &c.  applied  thereto  can 
only  serve,  either  1st,  to  bring  out  or  manifest  the  dependence 
above  referred  to,  or  2ndly,  to  modify  the  accidental  form  of  its 
expression;  but  in  no  sense  to  create  such  dependence  or  afifect 

its  real  nature.   Now  this  dependence  of  y,  -# ,  -t4  upon  a,  b, 

and  X,  involves  the  existence  of  three  equations  among  six 
quantities.  Therefore  the  elimination  which  thus  becomes 
possible  of  two  of  those  quantities,  a,  6,  must  leave  a  single 

final  relation  between  the  remaining  four,  x,  y,  -^^ ,  ^  . 
And  this  is  the  diflferential  equation  in  question. 

As  anotlier  example,  let  us  eliminate  the  arbitrary  constants 
c  and  c'  from  the  equation 

y.=  C6«'  +  c'€^ (8), 
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Differentiating  we  have 

J  =  ac€«'  +  6c'6^ (9). 

To  eliminate  c  subtract  from  this  equation  the  primitive 
(8)  multiplied  by  a ;  we  have 

g-ay  =  (i-a)c'6- (10). 

Again,  differentiating 

and  (to  eliminate  c)  subtracting  from  this  the  previous  equa- 
tion multiplied  by  6,  we  have 


S-(«+t)S+«%=o (11). 


cb?     ^         ^  dx 
the  differential  equation  of  the  second  order  required. 

If  we  had  first  eliminated  c  we  should  in  the  place  of  (10) 
have  obtained  the  equation 

g_jy=(a_5)ce- (12). 

Differentiating  this  and  eliminating  c  we  again  obtain  the 
same  final  result  (11). 

That  result  is  a  differential  equation  of  the  second  order,  and 
(8),  involving  both  the  arbitrary  constants  c  and  c\  is  its  com- 
plete primitive.  The  intermediate  equations  (10)  and  (12), each 
of  which  contains  one  of  the  arbitrary  constants,  and  from 
each  of  which,  by  the  elimination  of  that  constant,  the  final 
differential  equation  may  be  derived,  are  its  first  integrals.  As 
the  term  primitive  has  reference  to  the  direct  processes  of 
differentiation,  &c.  by  which  a  differential  equation  is  formed, 
the  term  integral  has  reference  to  the  inverse  process  of 
integration  by  which  we  reascend  from  a  differential  equation 
to  its  primitive.  Considered  with  reference  to  these  processes 
the  primitive  is  sometimes  termed  the  final  integral. 
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It  has  been  shewn  that  the  order  of  succession  in  which 
arbitrary  constants  are  eliminated  is  indiflferent.  It  may  be 
added,  and  upon  the  same  ground,  that  the  elimination  may 
be  simultaneous.    If  we  write  the  primitive  (8)  in  the  form 

and  differentiate  it  twice,  we  have 

ax 

and,  from  the  above  system  of  three  equations  eliminating  the 
constants  c  and  c  by  the  method  of  cross-multiplication,  we 
again  arrive  at  the  final  differential  equation  of  the  second 
order  (11). 

8.  The  above  examples  prepare  us  for  the  general  state- 
ment of  the  theory  of  the  genesis  of  differential  equations. 
Let  F{x,yy  c^,  C2,...cJ  =0  be  a  primitive  equation  between 
X  and  y  involving  n  arbitrary  constants  q,  Cj,...c,^.  Differen- 
tiating with  respect  to  a?,  and  regarding  y  as  a  function  of  x, 
we  obtain  directly,  or  by  elimination  of  Cj ,  an  equation  of  the 
first  order  of  the  form 

Differentiating  this  equation  with  respect  to  x,  and  regarding 

y  and  j-  as  functions  of  that  quantity,  we  obtain  directly,  or 

by  elimination  of  c^,  an  equation  of  the  second  order  of  the 
general  form 

Continuing  the  process,  we  arrive  at  a  final  result  of  the 
form 
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Now  this  is  the  type  of  an  ordinary  differential  equation  of 
the  n^  order,  (6),  Art.  2. 

As,  in  the  above  process  of  differentiation  and  elimination, 
we  might  have  begun  by  eliminating  any  other  of  the  con- 
stants instead  of  c^,  it  follows  that  to  a  primitive  containing 
n  arbitrary  constants  there  belong  n  differential  equations  of 
the  first  order,  each  involving  »  —  1  ai'bitrary  constants.  But 
as  those  differential  equations  are  all  formed  by  mere  pro- 
cesses of  elimination  from  two  equations,  viz.  from  the  primi- 
tive and  its  first  derived  equation,  two  only  of  them  are 
independent.  Again,  as  the  differential  equations  of  the 
second  order  are  formed  by  eliminating  two  of  the  constants 

n  — 1 
Ci,Cj,  ...  c»,  and  as  from  n  constants,  n     ^     combinations 

of  two  constants  can  be  selected,  it  is  seen  that  there  will 

71  — 1       . 

exist  n  — ^—  differential  equations  of  the  second  order,  each 

containing  n  —  2  arbitrary  constants.  Of  these  equations 
three  only  will  however  be  independent,  the  whole  system 
being  derived  actually  or  virtually  from  the  primitive  and  its 
first  and  second  derived  equations; — actually  if  we  differen- 
tiate twice  before  eliminating;  virtually  if  each  differentiation 
is  followed  by  the  elimination  of  a  constant. 

This  process  of  deduction  continued  leads  to  the  following 
general  theorems,  viz. : 

1st.     To  a  given  primitive  involving  x,  y,  and  n  arbitrary 

constants   belong   — ^^ "^     .^    <.. differential 

equations  of  the  r^  order  (r  being  any  whole  number  less  than 
n),  each  involving  n^r  arbitrary  constants^  but  of  those  equa- 
turns  r  + 1  only  will  be  independent. 

2nd.  There  will  exist  one  differential  equation  of  the  n^ 
order  free  from  a/rbitrary  constants. 

The  converse  of  the  latter  truth,  viz.  that  a  differential 
equation  of  the  n^  order  implies  the  existence  of  a  complete 
primitive  involving  n  arbitrary  constants,  will  be  established 
in  a  future  page.     [See  page  187.] 
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Criterion  of  derivation  from  a  common  primitive. 

9.  It  is  established  in  Art.  7,  1st,  that  from  a  primitive 
equation  involving  two  arbitrary  constants  arise  two  diflferen- 
tial  equations  of  the  first  order,  each  involving  one  of  those 
constants;  2ndly,  that  each  of  these  differential  equations  of 
the  first  order  gives  rise  to  the  same  differential  equation  of 
the  second  order,  of  which  the  original  equation  constitutes 
the  complete  primitive  or  final  integral 

The  second  of  the  properties  above  noted  constitutes  a 
criterion  by  which  it  may  be  determined  whether  two  dif- 
ferential equations  of  the  first  order,  each  involving  an  arbi- 
trary constant,  originate  from  the  same  primitive.  We  must 
differentiate  each  equation,  and  then  eliminate  its  arbitrary 
constant.     If  the  two  results  agree  as  differential  equations  of 

cPv 
the  second  order,  i.e.  if  they  give  the  same  value  of  -j^ 

as  a  function  of  x,  y,  and  -^ ,  the  differential  equations  of  the 
first  order  must  have  originated  in  the  same  primitive.  Fur- 
thermore, that  primitive  will  be  obtained  by  eliminating  ~ 
between  the  two  differential  equations  giveiu 

Ex.     The  differential  equations  of  the  first  order 

y|— "'  =  0 • w. 

/-«2^|  =  ^ (2). 

are  both  derived  from  the  same  primitive.  Each  of  them 
leads  on  differentiation  and  elimination  of  its  arbitrary  con- 
stant to  the  differential  equation  of  the  second  order, 


cPy 


-Kir-^s=« ^^)- 


i4 
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The  primitive^  found  by  eliminating  ^  from  the  given 

equations,  is 

y^'-a^^h .....(4). 

a  and  h  being  arbitrary  constants.  4 

10.  The  differential  equations  of  the  first  order  which 
constitute  the  first  integrals  (Art  7)  of  a  differential  equation 
of  the  second  order  (as,  in  the  above  example,  (1)  and  (2) 
are  first  integrals  of  (3)),  may  by  algebrsdc  solution  be  reduced 
to  the  forms 

^(^'y'i)"^'' • ^^^' 

^(-'y>|)  =  * (6)- 

Now  a  ftlnction  of  the  arbitrary  constants  a  and  6,  as  ^  {a,  h), 
is  itself  an  arbitrary  constant,  and  may  be  represeiited  by  c. 
Hence  any  equation  of  the  form 

*{*(«,..|).+(..y,g)}.... (7) 

would,  equally  with  (6)  and  (6),  constitute  a  first  integral  of 
the  supposed  equation  of  the  second  order.  It  is  evident  that 
(7)  is  the  general  type  of  all  such  first  integrals. 

Thus  the  type  of  the  first  integrals  of  (3)  would  be 

Bat  any  two  first  integrals  included  under  this  type  and  in- 
dependent of  each  other  would  lead  us,  as  is  obvious,  to  the 
same  final  integral  (4),  either  under  its  actual  or  under  an 
equivalent  form. 

While  therefore,  viewed  as  an  independent  system,  the  first 
integrals  of  a  differential  equation  of  the  second  order  are  but 

B.  D.  £.  2 
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two,  it  is  formally  more  correct  to  regard  them  as  infinite  in 
number,  but  as  so  related  that  any  two  of  them  which  are 
independent  contain  by  implication  all  the  rest. 

8uch  considerations  are   easily  extended  to  differential 
equations  of  the  higher  orders. 


Oeometrical  illustrations. 

11,  Geometry,  by  its  peculiar  conceptions  of  direction, 
tangency,  and  curvature,  all  developed  out  of  the  primary 
conception  of  the  limit,  Art.  1,  thrpws  much  light  on  the 
nature  of  differential  equations. 

As  the  simplest  illustration  let  the  equation  of  a  straight 
line 

y  =  aa?  +  6 (1) 

be  taken  as  the  complete  primitive,  a  and  h  being  arbitrary 
constants. 

Differentiating,  we  have 

i=» ■■ «■ 

Eliminating  a,  we  find 

y— 1  =  * (3). 

and  again  differentiating 

.    S-» (*)■ 

Of  these  equations,  (4),  which  is  free  from  arbitrary  con- 
stants, is  the  general  differential  equation  of  the  second  order 
of  a  straight  line;  and  (2)  and  (3),  each  of  which  contains  one 
of  the  original  arbitrary  constants,  are  the  two  differential 
equations  of  the  first  order.  Moreover,  each  of  these  dif- 
ferential equations  expresses  some  general  property  of  the 
straight  line — (2),  that  its  inclination  to  the  axis  is  uniform ; 
(3),  that  any  intercept,  parallel  to  the  axis  of  y,  between  the 


^-« 


ART.  ll.]  GEOMETRICAL  ILLtT^TRATIONS.  19 

straight  line  and  a  parallel  to  it  through  the  origin  will  be  of 
constant  length ;  (4)^  that  a  straight  line  is  nowhere  either 
convex  or  concave ; — and  this  property,  which  does  not  in- 
volve, in  the  same  definite  manner  as  the  others  do,  the  con- 
siderations of  distance  and  of  angular  magnitude,  is  evidently 
the  most  absolute  of  the  three. 

The  equation  of  the  circle  is 

(a:-ay+(if-h)*=t^ (5), 

and  if  we  regard  a^  and  b  as  arbitrary  constants  the  corre- 
sponding differential  equation  of  the  second  order  will  be 

i 


hM. 


r (6), 


expressing  the  property  that  the  radius  of  curvature  is  in- 
variable and  equal  to  r. 

If  we  proceed  to  another  differentiation,  we  find 

which  is  the  general  differential  equation  of  a  circle  free  from 
arbitrary  constants.  And  the  geometrical  property  which  this 
equation  also  expresses  is  the  invariability  of  the  radius  of 
curvature,  but  the  expression  is'  of  a  more  absolute  character 
than  that  of  the  previous  equation  (6).  For  in  that  equation 
we  may  attribute  to  r  a  definite  value,  and  then  it  ceases  to 
be  the  differential  equation  of  all  circles,  and  pertains  to  that 
particular  circle  only  whose  radius  is  r.  The  equation  (7) 
admits  of  no  such  limitation. 

Monge  has  deduced  the  general  differential  equation  of 
lines  of  the  second  order  expressed  by  the  algebraic  equation 

oaj"  +  hx^  +  cy^  +  ex  +ff/  =  1. 

2—2 
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It  is 

^W)  da?     ^^da^dafdx^^^^W)  ^^' 

Bat  here  our  powers  of  geometrical  interpretation  fail,  and 
results  such  as  this  can  scarcely  be  otherwise  useful  than  as 
a  registry  of  integrable  forms. 

From  the  above  examples  it  will  be  evident  that  the 
higher  the  order  of  the  differential  equation  obtained  by  eli- 
mination of  the  determining  constants  from  the  equation  of 
a  curve,  the  higher  and  more  absolute  is  the  property  which 
that  differential  equation  expresses. 

We  reserve  to  a  future  Chapter  the  consideration  of  the 
genesis  of  partial  differential  equations  as  well  as  of  ordinary 
differential  equations  involving  more  than  two  variables. 


EXERCISES. 

1*  Distinguish  the  following  differential  equations  accord- 
ing to  species,  order,  and  degree,  and  take  account  of  any 
peculiarities  dependent  upon  their  coeflScients. 

(1)  t-'^v"^- 

■  -» 

^  ^  dx    ^  dy''  y' 
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2.  Explain  the  term  'complete  primitive/  and  form  the 
differential  equations  of  the  first  order  of  which  the  following 
are  the  complete  primitives,  c  being  regarded  as  the  arbitrary 
constant^  viz. : 

(1)  ;  y^cx  +  ^il  +  c"). 

(2)  y^(x  +  c)^. 

(3)  y  =  C€"*^"'''+tan-*a;-l. 

(4)  y^^cx-^-logx  +  iyK 

(5)  ^»-  2ca?  -  c"  =  0. 

(6)  y  =  (Jic  +  ^(c). 

3.  Form  the  differential  equations  of  the  second  order  of 
which  the  following  are  the  complete  primitives,  c  and  c'  being 
regarded  as  arbitrary  constants, 

(1^  y  =  ccos?na?  +  c'sinmiB, 

(2)  y  5=  c  cos  (mx  +  c'). 

c  +  c'x 


(3)  y=*alog 


X 

xsmmx 


(4)  y^csin^iV  +  o' cos  7107  + 


2m 


4.  .State  the  criterion  by  which  it  may  be  determined 
whether  differential  equations  are  derived  from  a  common 
primitive. 

3.    Shew  that  the  differential  equations 

are  not  derived  from  a  common  primitive  involving  a  and  6 
as  arbitrary  constants. 

6.  Shew  that  each  of  the  following  pairs  of  equations,  in 
which  p  stands  for  -^,  is  derived  from  a  common  primitive, 
and  determine  the  primitive  : 
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J 

(2)       y  —  xp-a(jf-\'p\  andy-a?p=iJ(l+aj'^). 

7.  How  many  first,  second,  third,  &c»  integrals  belong 
to  the  general  differential  equation  of  lines  of  the ,  second 
order  given  in  Art.  11,  and  how  many  of  each  order  are  inde- 
pendent? 

8.  From  the  equation  (y  —  6)*=  Am  (x  —  a)  assumed  as  the 
primitive,  deduce  1st  the  .differential  equations  of  the  first 
order  involving  a  and  b  as  their  respective  arbitrary  constants ; 
2dly  the  general  functional  expression  for  all  differential  equa- 
tions of  the  first  order  derivable  from  the  same  primitive. 

9.  Of  what  primitive  involving  two  arbitrary  constants 
would  the  functional  equation 

*  (y  -  2p^>  i>'^)  =  (^ 
represent  all  possible  differential  equations  of  the  first  order? 

10.  How  many  independent  differential  equations  of  all 
orders  are  derivable  from  a  given  primitive  involving  x,  y, 
and  n  arbitrary  constants? 
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CHAPTER  II. 

ON  DlFFERENTlAIi  EQUATIONS  OF  THE  FIRST  ORDER  AND 
DEGREE  BETWEEN  TWO  VARIABLES. 

1,  The  differential  equations  of  which  we  shall  treat  in 
this  Chapter  may  be  represented  under  the  general  form 

M  and  -ST  being  functions  of  the  variables  x  and  y. 

In  this  mode  of  representation  x  is  regarded  as  the  inde- 
pendent variable  and  y  as  the  dependent  variable. 

We  may,  however,  regard  y  as  the  independent  and  x  as 
the  dependent  variable,  on  which  supposition  the  form  of  the 
typical  equation  wiU  be 

dy 

For  as  any  primitive  equation  between  x  and  y  enables  us 
theoretically  to  determine  either  y  as  a  function  of  a?,  or  a?  as 
a  function  of  y,  it  is  indifferent  which  of  the  two  variables 
we  suppose  independent. 

It  is  usual  to  treat  this  equation  under  the  form 

Mdx  +  Ndy-O, 

not  however  from  any  preference  for  the  theory  of  infinitesi-*' 
mals,  but  for  the  sake  of  symmetry. 

The  order  of  this  Chapter  will  be  the  following.  As  the 
solution  of  the  equation,  if  such  exist,  must  be  in  the  form  of 
a  relation  connecting  x  and  y,  I  shall  first  establish  a  prelimi- 
nary proposition  expressing  the  condition  of  mutual  aepehd- 
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ence  of  functions  of  two  variables ;  I  shall  then  inquire  what 
kind  of  relation  between  x  and  y  is  necesmrUy  implied  by  the 
existence  of  a  differential  equation  of  the  form 

I  shall  discuss  certain  cases  in  which  the  equation  admits 
readily  of  finite  solution;  and  I  shall  lastly  deduce  its  general 
solution  in  a  series. 

Pbop.  1.  Let  V  and  v  be  explicit  functions  of  the  two  vari-- 
ables  X  and  y.  Then,  ifVh§  expremUe  as  a  fmction  of  v, 
the  condition 

dVdv     dVdv     ^  ^^^ 

dxdy     dy  dx         ^ 

mil  be  identically  satisfied,  Converselyy  if  tJUe  condition  ie 
identically  satisfied^  VwUl  be^xpressiUe  as  a  f  miction  ofv, 

Ist.    For  suppose  F«  ^  (v).    Then 

dV^d4(y)d^ 
dx        dv    dx* 

dy      dv    dy' 

ufi  dv 

Multiplying  the  first  equation  by  -r- 1  the  second  by  -r- , 

and  subtracting,  we  have 

dVdv^_dVdv^_^ 
dx  dy     dy  d^^    * 

And  this  is  satisfied  identically;  since  by  the  process  of 
elimination  the  second  member  vanishes  independently  both 
of  the  form  of  t;  as  a  function  of  x  and  y,  and  of  th^  form  of 
Fas  a  function  of  i;. 

2ndly.  Also  if  the  above  condition  be  satisfied  identically, 
F  will  be  expressible  as  a  function  of  v»  For  whatever  funo» 
tions  V  and  v  may  be  of  x  and  y,  it  will  be  possible  by  ^limi^ 
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noting  one  of  the  variables  w  and  y  to  express  Fas  a  function 
of  the  other  variable  and  of  v.  Suppose  for  instance  the 
expression  for  Tthus  obtained  to  be 

F=0(aj,  v). 

Then  —  =  ^<^(^>^)  I  d<f>(x,v)  dv 

doo         d(c         .     dv      dot' 

dV  d^f) (x,  v)  dv 

dy  dv      dy  * 

dV        dV 
Substituting  these  values  of  -r-  and  ^  in  the  equation  (1) 

we  have  as  the  result 

^^%-o (^)- 

But,  V  being  by  hypothesis  an  explicit  function  of  both 
variables  x  and  y,  ^  is  not  identically  0.    Hence,  from  (2), 

d4>  (a?,  f>)^Q 
dx 

identically.  Therefore  ^  (a?,  v),  which  represents  V,  does  not 
contain  x  in  its  expression ;  and  F  reduces  simply  to  a  func- 
tion of  tx. 

We  have  supposed  each  of  the  functions  F  and  v  to  con- 
tain both  the  variables  x  and  y.  But,  whether  this  be  or  be 
not  the  case,  the  identical  satisfying  of  (1)  is  the  necessary 
and  sufficient  condition  of  the  functional  dependence  of  F 
and  V, 

For  suppose  either  F  or  v,  and  for  distinction  we  shall 
choose  t;,  to  be  a  function  of  one  of  the  variables  only,  as  a?, 
and  F  to  be  a  function  of  v>    Then  is  F  also  a  function  of  x^ 

dv         dV 
and  as  -^  and  -j-  vanish  identically  the  condition  (1)  is  satis- 
fied. 


W  XKmaaanzjki.  u^ativj^  vr  tel       [ch.  n. 


^/'^*Y*pfiafi'  Y.  t»u^>v,ft>'.ii^  f  V^  tit  *  ftmciJUL  of  J-  raJT,  ami  il) 

of  a  pfi/fM'Ki^  rdfJii^/n  het'^^^m  x  and  y  of  Hie  form, 

fU,y)m.e, 
in  wMif  cU  fm  a/r1ntrary  c(mjstant» 

tM  an  iirui  (unmuliit  irlmt  is  the  immediate  signification  of 

^+^^•=0 W- 

Wtt  know  th/it  If  Ad?  rcpre»cnt  any  finite  increment  of  a?,  and 
^1/  ihii  (Uimmiumdniff  finite  increment  of  y,  s^  will  represent 

UiM  ////Ji!  lo  whioli  tlio  ratio  .  •  approaches  as  Aa;  approaches 

U\  0. 
hoi  \IM  lima  ilrMt  oxan^ino  the  interpretation  of  the  equation 

Jlf+iV^X^-O (2)- 

Au)  • 

NVv*  Imvti   V    -^  '^  \T«    The  second  member  of  this  equation 
M\\\i  \^  l\uu>Uou  of  m  muI  Vi  sdnco  M  and  i\r  are  functions  of 

ll-*('.y) (3). 

ilu^  ftvm\  \vf  ^  (,^\  jif^  Wu\j*  known  vrhen  Jf  and  X  are  giTen. 
N\^\v  U'  w^^  «^Hi!^\jifi\  t\^  4'  auY  $^^rie($  i>f  vainer  it  is  posable 

wUich  Tvuv^'  t\\%\i  M^xilnurilr  ^41  iht>  vnhor^  will  bedei^eimined 

Ivy  vS\ 
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Thus  let  AJ^,  ajj,  ajj...  be  the  series  of  arbitrary  values  of  a?, 
and  y^  an  arbitrary  value  of  y  corresponding  to  x^  as  the 
value  of  Xy  then,  representing  by  tkx^  the  increment  of  x^y 
i.e.  the  value  which  being  added  to  x^  converts  it  into  x^y 
we  have  by  (3) 

therefore  y^  +  Ay^  =  ^o  +  ^  (^o>  ^o)  ^^'o  • 

But  as  A^o  represents  the  increment  of  y^  corresponding  to 
Aj7^  as  the  increment  of  x^  it  is  evident  that  y^->ri^y^  will  be 
the  value  of  y  corresponding  to  a?^  +  Aa?^  as  the  value  of  x. 
Representing  then  this  value  of  y  by  y^  we  shall  have 

=  yo+*(a?o>yo)K-^6) W* 

I 

In  like  manner  we  shall  find 

^.  =  ^1  +  ^  (^1.3^0  («,-«,) (5), 

but,  y,  being  already  determined  by  (4),  y,  is  determined,  and 
continuing  the  operation,  a  series  of  values  of  y  will  be  deter- 
mined, only  one  of  which  is  arbitrary,  while  aU  the  others  are 
assigned  in  terms  of  that  arbitrary  value  and  of  the  known 
values  of  aj. 

If,  for  example,  we  have  the  particular  equation 

Ay  =  (a?  +  y)  Aa?, 

and  assign  to  x  the  series  of  values  0,  1,  2,  3,  4,  &c.,  and 
at  the  same  time  assume  that  when  x  is  equal  to  0,  y  is  equal 
to  1,  we  shall  have  the  two  following  corresponding  series  of. 
values,  viz. 

a?^  =  0,     a?i  — 1,    a5^a  =  2,    x^^   3,    a?^=:   4,  &c. 

yo  =  l>    ^1  =  2,    ya  =  5,    ^3  =  12,    y,=  27,  &c. 

By  assigning  a  different  value  to  y„  or  by  assuming  arbi- 
trarily  the  value  of  some  other  term  of  the  series  y^,  y^,  y,,  &c. 
we  should  find  another  set  of  values  of  those  quantities  cor- 
responding to  the  given  values  of  a?.    But,  in.  every  such  set. 
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the  values  of  all  the  terms  but  one  will  be  determined  by 
a  law. 

Now  if  the  intervals  between  the  successive  values  of  ^  are 
diminished,  while  the  number  is  proportionately  increased, 
each  of  the  corresponding  sets  of  values  of  x  and  y  will  more 
and  more  approach  to  the  state  of  continuous  mamiitude* 
And,  in  the  limit,  to  every  conceivable  value  of  x  will  corre- 
spond a  value  of  y,  determined  in  subjection  to  a  continuous 
law — to  a  law  however  which  permits  us  to  assign  one  of  the 
values  of  y  arbitrarily.  The  analytical  expression  of  that 
law  will  be  the  solution  of  the  differential  equation  given, 

3.  To  illustrate  the  same  doctrine  geometrically,  if  x  and 
y  represent  rectangular  co-ordinates,  any  system  such  as  the 
above  would  represent  a  series  of  points  of  which  the  abscissae 
having  been  assumed  arbitrarily,  the  corresponding  values  of 
jr,  except  one,  are  determined  by  a  continuous  law*  In  the 
limit,  that  series  of  points  would  approximate  to  a  curve  the 
species  of  which  as  dependent  upon  the  form  of  its  equation 
would  be  determined  by  a  law,  but  an  element  of  which,  re- 
presented by  a  constant  in  that  equation,  would  be  left  arbi- 
trary, so  as  to  permit  us  to  draw  the  curve  through  a  given 
point. 

The  form  of  the  analytical  solution  thus  indicated  is 

f{^>y)^o ....(6). 

The  genesis  of  differential  equations  of  the  first  order  and 
degree  from  equations  of  this  description  has  already  been 
explained  in  Chap.  I.  Art.  6.  It  is  evident  that,  as  c  is  arbi- 
trary, such  a  value  may  be  assigned  to  it  as  to  make  a  given 
value  of  y  correspond  to  a  given  value  of  ai»  If  those  corre- 
sponding values  are  x^y  y^,  we  have  only  to  assume 

f(p^o>yo)^o (7), 

whence  c  is  determined.  But  c  being  once  determined,  all  the 
values  of  y  depend  upon  those  of  x,  in  obedience  to  the  law 
expressed  by  (6), 
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Lastly  it  may  be  sbewn  that  two  distinct  complete  primi- 
tives of  Mdx  +  JS'dy  =  0  cannot  exist«^ 

For  suppose  that  there  are  two*  such  primitives 

then  by  differentiating  each 

du     dudy  ^^      dv     rf^^y_/x 

whence,  eliminating -^  i 

du  dv     du  dv      ^ 
dxdy     dydx       ' 

which  shews,  by  Prop,  i,  that  i;  is  a  function  of  u.     The 
second  equation  is  then  equivalent  to 

and  this  is  resolvable  by  solution  into  equations  of  the  form 

t^  =  c, 

each  of  which  is  therefore  only  a  repetition  of  the  first  sup- 
posed complete  primitive. 

Certain  cases  in  which  the  equation  Mdx^-  Ndy  —  0  admits 

of  finite  solution. 

4.  The  equation  Mdx  +  Ndy  =  0  can  always  he  solved  when 
the  variables  in  M  and  N  admit  of  being  separated;  i.e.  when 
the  equation  can  be  reduced  to  the  form 

Xdx  +  Ydy  =  0 (8), 

in  which  X  w  a  function  of  x  o^cm^,  ar^  Y  a  function  of  y 
alone. 

To  solve  the  equation  in  its  reduced  form  (8),  it  is  only 
necessary  to  integrate  the  two  terms  separately,  and  to  equate 
the  result  to  an  arbitrary  constant.    Thus  the  solution  will  be 


jxdx+jtdy^c ..(9). 
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On  differentiating  this  resolt  the  arbitrary  constant  c  dis- 
appears^ and  (8)  is  reproduced. 

Tbns  the  solution  of  the  equation 

xdx  +  ydy^O 

or,  since  c  is  arbitrary, 

a?  +  f^  —  e. 

The  solution  of  the  equation 

l  +  o;     1+y 

will  in  like  n^anner  be 

log  (1  +  a?)  +  log  (1  +  y)  =  c; 

a  result  which  may  be  simplified  in  the  following  manner. 
We  have 

log(l  +  a;)(l+y)=c; 

therefore  (1  +  a?)  (1  +  y)  =  e". 

But  a  /miction  of  an  arbitrary  constant  is  itself  an  arbitrary 
constant.    Hence  we  may  write  as  the  solution 

(X+a?)(l  +  y).=  a        _         . 

Indeed  it  frequently  happens  that  solutions  which  present 
themselves  in  a  transcendental  form  admit  of  being  reduced 
to  an  algebraic  form. 

Thus  also  the  solution  of  the  equation 

dx               dv 
-77i ix+   //,       ..^0 (10) 

being 

sin"*  X  +  sin"*  y  =  c, 

we  shall  have,  on  taking  the  sine  of  both  members  of  the 
equation  and  replacing  sin  c  by  (7, 

ajV(l  -y")  +yV(l-«^)=  C' (11), 

which  is  algebraic* 
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5.  Different  modes  of  integration  will  also  give  rise'  to 
solutions  which  at  first  sight  appear  to  be  discordant.  The 
discordance  however  will  be  only  apparent.  Thus  if  we  ex-» 
press  the  equation  last  solved  in  the  form 


—  dx 


;=^=o. 


and  integrate  by  means  of  the  formula 

—  dx 


h 


=s  cos"*  a?  +  const.. 


we  shall  have 

cos"*  X  +  cos"*y  =  (7j 

and,  taking  the  cosine  of  both  members, 

a^-VKl-a;«)(l-y')l  =  cos(7, (12). 

The  last  result  may  however  be  reduced  to  the  form 

^V(l-y")  +  yV(l-a^)  =  sin(7, (13), 

which,  as  sin  (7j  is  arbitrary,  agrees  with  the  previous  re- 
sult, (11). 

The  constants  C  and  C^  are  seen  to  be  connected  by  a 
relation  (7=sin  £7^,  which  is  independent  of  the  variables  x 
andy. 

And  in  general  the  test  of  the  accordance  of  two  solutions 
of  a  differential  equation,  each  involving  an  arbitrary  constant, 
is,  that  on  eliminating  one  of  the  variables,  the  other  variable 
will  disappear  also,  and  a  relation  between  the  arbitrary  con- 
stants alone  result. 

Or  expressing  the  solutions  in  the  form 

we  may  directly  apply  the  test  of  equivalence 

dV^^^dji^^ 
dx  dy      dy  dx       * 

resulting  from  the  proposition  in  Art.  1. 
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6.  It  sometimefl  happens  that  the  variables  may  be  sepa- 
rated by  multiplying  or  dividing,  the  equation  by  a  factor. 
Thus  the  equation 

becomes  on  multiplying  by  (1  +  «)  (1  +  y), 

0?  (1  +  a;)  cJr  ^  y  (1  +y)  Ay  «=  0, 
in  which  the  variables  are  separated.    Integration  then  gives 

2*^3       2      3 

The  most  general  form  of  equations  in  which  the  variables 
can  be  separated  by  the  process  above  mentioned  is 

z,r,dx+x,r.%=o (14), 

in  which  X^  and  X  are  functions  of  x  only,  and  Y^  and  I^ 
functions  of  y  only.  On  dividing  the  above  equation  by 
Y^^y  or,  whicn  amounts  to  the  same  thing,  multiplying  it  by 

the  factor  ^  y  ,  we  have 

$(fo;  +  ^rfy  =  0  (15), 

in  which  the  variables  are  separated. 

Ex.  The  equation  :thJ{\.-^'f)dx-\'yhJ{^'\-ol^dy^^  is 
thus  reduced  to 


xix 


-r.  +  -r.f^-0, 


and  has  for  its  complete  integral 

VCl  +  aO  +  VCl+J^^c. 

7.    Sometimes  too  the  variables  in  the  equation 

Mdx  +  Ndy^O 
admit  of  being  separated  after  a  preliminary  transformation. 
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Ex.  1.    If  in  the    equation  (a?  —  ^)  (i»  +  ^xydy  =  0,  we 
assume  y  ==  V(»«)>  we  find 

,       zdx-^xdz 

Substituting  these  expressions  for  y  and  dy  in  the  given 
equation,  we  have 

X 

Therefore  integrating  and  replacing  z  by  its  value  ~  , 

loga;+*— =c. 
°        a? 

Ex^2.     (y-^)(l+a^*d:y-.w(l+3^')*dii?  =  a 
Assume  oj  =  tan  6,  y^  tan  ^.    We  find 
(tan  0  —  tan  ^  sec  ^  sec?<j}d<f>  —  n  sec'^  8ec*0  dO  =  0, 
which  reduces  to 

Bin(<^-^(;^-W^  =  0. 

Now  let  (f>  —  5  =  -^,  then 

sin  ylrd(f>  =  nd^^  nd^, 

therefore  •      dd>  = ?^^  r 

^     w  — smy 

whence  Aari— — jL^^d 

^     J/i— smy 

the  integral  in  the  second  member  is  a  known  form. 

It  will  be  remarked  that  the  transformations  employed 
m  the  above  examples  are  not  very  obvious  ones.  They 
would  scarcely  be  suggested  by  the  forms  of  the  differ- 
ential equations  themselves.  And  in  the  present  state  of 
analysis,  it  would  be  impossible  to  lay  down  any  general  di- 
rection on  the  subject.  There  are  however  certain  classes  of 
differential  equations  in  which  the  nature  of  the  required  trans- 
formation can  be  determined.  Among  them  a  foremost  place 
is  due  to  homogeneous  equations^ 

B.  D.  E.  3 
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Homogemoua  Equations. 

8.  The  differential  equation  Mdx  +  Ndy  ==  0  is  said  to  be 
homogeneous  when  M  and  iV'  are  homogeneous  functions  of 
X  and  j/y  and  are  of  the  same  degree. 

Thus  the  equation 

{y  +  V(a5* +y)}  da?  -  axZy  =  0 

is  a  homogeaeous  equation,  M  and  N  being  kere  <rf  the  first 
degrea 

To  integrate  a  homogeneouE  equation  it  suffices  to  assume 
y  =  vx.  In  the  transformed  equation  the  yariables  sd  and  v 
will  then  admit  of  separation. 

Thus  in  the  above  example  we  should  find 

whence  dividing  by  x 

from  which  lesult 

dx  d^      _A 

1(^05- log  {t;  +  V{l+Oi=^ 
EeplaciBg«by|,W6have 

for  the  complete  primitive. 

As  in  Art.  5,  the  above  solution  admits  of  a  simpler  ex- 
pression.   Preed  from  transcendents  and  radicals,  it  ^ives 

C  being  an  arbitrary  constant 

To  demonstrate  the  above  method  generally,  let  us  suppose 
that  M  and  N  are  homogeneous  functions  of  cs  and  y  of  the 
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n^  d^ree.    We  may  then,  in  accordance  with  the  known  type 
of  homogeneous  functions,  write 

80  that  the  equation  Mdx  +  Ndy  =  0  becomes  on  substitution 
and  division  by  the  common  factor  af^, 


^g)<te  +  ^(|)<ty«0 (16). 


Now  assuming  y  =  t;a?,  we  have 

^^v,  dy^vdx  +  ^n, 

and  the  above  equation  becomes 

<f>(v)dx  +  '^  (v)  (vdx  +  xdv)  =  0. 

Or,  {4>  (v)  +  vy^  (v)}  dx  +  :ilr(v)  ocdv  =  0. 

Therefore 

-+^.tytr^=o m 

X      q>{v)  +  vy^  (v)  ^    ^ 

whence  on  integrating 

"^^'liWfr'- (>»>• 

It  is  obvious  firom  the  symmetry  of  the  relation  between  x 

OS 

and  y  that  we  might  equally  employ  the  transformation  -  =  v 

and  regard  v  and  v  as  the  new  variables.  What  is  essential 
in  the  method  is  the  substitution,  in  place  of  the  original  vari- 
ables X  and  y,  of  a  new  system  of  variables,  consisting  of  one 
variable  of  the  old  system,  and  of  the  ratio  which  is  borne 
to  it  by  the  other  variable  of  that  system* 

Ex.    It  is  required  to  integrate  the  equation 

[a?-  V(^y)  -y}dx  +  V(^y)  dy^O^ 

a— 2 
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by  the  direct  application  of  (18).     Here,  n  =  1, 
JJf = a?  —  V(^)  —  y  =  a?  {1  —  ^f(y)  —  v}, 

Thus  we  have 

•  ^(t;)ssl  —  t?*  — v, 
^(t;)  =  t;i, 

and  (18)  gives 


1  t        V  dv  ^ 

•^  1  -  -y^  -  v  +  V' 


To  efifect  the  integration  in  the  second  term,  let  v^f, 
v^dv 


Then  f — ^!^L_  _  f       2^ 


^    +fiog(i-0  +  4iog(i  +  0 


i-« 
1 


+  log(i-0+iiog(i-O. 


Hence  finally,  replacing  thj—.y^ 


X' 

^      +log(aj*-y*)  +  ilog(a?-y)=a 


i        4 


9.     The  equation 

(aa?  + Jy  +  c)diC+  (a'aj  +  %  +  c')%  =  0 (19) 

may  be  rendered  homogeneous,  either  first  by  assuming 

and  properly  determining  a  and  ^ ;  or  secondly  by  assuming 
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The  first  transfonnation  gives 

whence  if  a  and  /9  be  determined  by  the  conditions 

aa  +  Vfi^c', 
we  shall  have  the  homogeneous  equation 

(<wj' +  jy )  c?a?' +  (a V  +  6y )  ef/ =  0 . 

Making  then  y'  =  vx'  we  find 

^  (</^Vv)dv^  (20), 

91      a  +  (b+a)v  +  bv^  ^    '^ 

wjiich  is  directly  integrable. 

The  second  transformation  gives 

dix  +  hdy  ^-dx'j  adx  +  Vdy  =  dy\ 

whence    determining  dx  and   dy^   the    proposed   equation 
assumes  the  homogeneous  form 

{Vx^a'y)  dx'--{bx''ay')dy=0. 

Both  these  transformations  fail  if  ab'  —  ab  =  0.  But  in  this 
case,  since  &'  =  — ,  the  proposed  equation  may  be  expressed 
in  the  form 

(oaj  +  iy  +  c)  (&  +  —  ( cwj  +  5y + -r )  </y  =  0, 

and  the  variables  will  be  separated  if  we  assume  ax  +  ly=:z, 
and  then  adopt  either  z  and  a;  or  ^  and  y  as  the  new  variables. 

These  transformations  are  linear,  and  by  one  of  the  two 
the  proposed  equation  is  usually  solved. 

PFor  another  method  see  the  Supplementary  Volume,  Chap- 
ter XIX,  Arts.  1  and  2.] 


I 
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10.    The  linear  diflferential  equation  of  the  first  order  and 
degree 

l+^y=« (21), 

P  and  Q  being  functions  of  x,  admits  of  being  solved.  When 
Q  =  0  the  solution  is  obtained  by  separating  the  variables  ; 
and  when  Q  is  not  equal  to  0,  a  solution  may  be  founded 
upon  that  of  the  previous  and  simpler  case. 

It  must  be  observed  that  the  linear  equation  (21),  when 
reduced  to  the  form 

(Py-Q)daj  +  c7y  =  0, 

falls  under  the  general'  type,  Mdx  +  NUy  =  0. 

1st,  When  Q  =  0,  we  have 


Dividing  by  y,  in  order  to  separate  the  variables, 

y 

Therefore,  log  y  =  —  I  Fdx  +  c,  which  gives 

^Cr-J^^ c (22), 

C  being  an  arbitrary  constant  substituted  for  €*.  It  has  been 
adready  observed  that  a  function  of  an  arbitrary  constant  is 
Itself  an  arbitrary  constant ;  see  Art.  4. 

2ndly,  To  solve  the  linear  equation  (21)  when  Q  is  not  equal 
to  0,  let  us  assign  to  the  solution  the  general  form  (22)  above 
obtained,  but  suppose  (7  to  be  no  longer  a  constant  but  a  new 
variable  quantity — an  unknown  function  of  x,  which  must  be 
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determined  in  accordance  with  the  new  conditions  to  which 
the  solution  must  be  subject. 

Substituting  then  the  above  expression  for  y  in  (21),  and 
observing  that,  since  G  is  now  variable,  we  have 

ax     dx^  'cub 

there  results 

Hence  ^^e^^^Q. 


Therefore  0«  je-^^Qdx  +  e. 


c  being  an  arbitrary  constant.     Substituting  this  generalized 
value  of  (7  in  (22),  we  have  finally 

y:=ze'f^'^(Je'^Qdx+c] (23), 

the  solution  required. 

It  will  be  observed  that  if  Q  =  0,  the  above  solution  is 
reduced  to  the  form  (22)  before  obtained. 

The  method  of  generalizing  a  solution  above  exemplified  is 
called  the  method  of  the  variation  of  parameters,  the  term 
parameter,  by  an  extension  of  its  use  in  the  conic  sections, 
being  applied  to  denote  the  arbitrary  constants  of  the  solution 
of  a  differential  equation.  It  is  only,  however,  in  certain 
cases  that  this  method  is  successful.  It  is  always  legitimate 
to  endeavour  to  adapt  a  solution  to  wider  conditions  by  a 
transformation,  which,  like  the  above,  only  introduces  a  new 
variable  instead  of  an  old  one,  or  a  new  and  adequate  system 
of  variables  in  the  room  of  a  former  system.  But  it  is  not 
always  that  the  equations  thus  obtained  are,  as  in  the  above 
example^  easier  of  solution  than  those  of  which  they  take  the 
place. 
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Ex.  1.    Given         ^  — ^  =  (a?  + 1)*. 

ax     x  +  i- 

Here      P=^.    |Q  =  («  +  !)'. 

Hence  I  Pda  =  -  2  log  (a  + 1),    e>**«(aj+l)'^. 

Therefore     y=(a;  +  l)'|^^-tl>.Vc|. 

Ex.2.    Given  f^ ^  =  €*(«  +  !)•.  - 

Here  we  find       \P^  =  —  » log  (a;  + 1), 

e/"*  =  («  +  !)-, 

Therefore  y  =  («  + 1)»  (e«  +  c). 

11.    Equations  of  the  form 

P  and  Q  being  functions  of  a?,  are  reducible  to  a  linear  form. 
For,  dividing  by  y*,  we  have 

Now  let  y^'^ssz,  then 

whence  y'"-^  = — 

so  that  the  equation  becomes 
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org  +  (l-n)P^=(l-n)Q, 
which  is  linear. 

CUV     x  +  1  2 

Here,  dividing  by  ^,  we  have 

^    dx^x  +  l  2      ' 

and,  assunaing  y"* = ar, 

,  dg        g  ^     (^  +  1)' 
*d«"*'a5  +  l  2      ' 

The  solution,  of  this  equation,  which  is  identical  in  form  with 
that  of  Ex.  1,  is 


^  =  ^^'+c(«  +  l)», 


whence  y—y — o~^  +  ^(^  +  ^)*l    • 


Oeneral  sokdion  hy  development 

12.  In  the  earlier  portion  of  this  Chapter  it  was  esta- 
blished, by  considerations  founded  upon  the  nature  and  inter- 
pretation of  the  equation 

Mdx-\-Ndy^O, 

that  it  implied  the  existence  of  a  primitive  equation  between 
X,  y,  and  an  arbitrary  constant.  The  examples  of  finite  solu- 
tion which  have  been  given  above,  illustrate  this  truth.    But 
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a  further  and  more  complete  illustration  is  afforded  by  the 
presence  of  an  arbitrary  constant  in  the  general  integral  of 
the  equation,  as  developed  in  the  form  of  a  series  by  Taylor's 
theorem.    This,  mode  of  solution  we  now  proceed  to  exhibit. 

From  the  given  equation  we  have 

dx        JT' 

* 

the  second  member  of  which,  being  a  function  of  x  and  y^ 
may  be  represented  by /^  (a:,  y).    Thus  we  may  write 


t-/0«.3r) ....(24). 


dx 
And  differentiating  this  equation 

da?  dx  dy      dx 

the  second  member  of  which,  being  a  fiinction  of  x  and  y, 
may  be  represented  by  f^  (x,  y).  Thus  we  have,  as  a  conse- 
quence of  (24), 

^=/.0«,y) (25). 

Repeating  on  this  equation  the  above  process  of  differentia- 
tion  and  substitution,  we  have 

^=/,(«,y) - (26), 


wherein 


And,  continuing  thus  to  repeat  the  same  operation,  we  obtain 
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a  series  of  equations  determining  the  successive  differential 
coefficients  of  y^  in  the  form 


^=/.(^.y) (27), 


the  dependence  of  f^  {x,  y)  upon  f^^  (x,  y),  and  hence  ulti- 
mately upon/j  (x,  y),  being  determined  by  the  general  equa- 
tion 

f,(^,  y)-^^  +^^V.  (^  y) (28). 

Hence.  M  and  ^  being  given,  the  expressions  for 

dy     ^ 

are  implicitly  given  also. 

Now  -^ ,  -rKi  &c.  determine  the  coefficients  of  the  several 
cte    dor 

terms  after  the  first  in  the  development  of  t^  in  ascending 
powers  of  x,  by  TayWs  theorem,  or  more  generally  in  as- 
cending powers  of  aj  —  a?^,  where  x^  is  a  particular  value  of  a?. 
Leaving  that  first  term  arbitrary,  the  development  is  thus 
seen  to  be  possible,  and  the  result,  while  constituting  the 
genetal  integral  of  the  given  differential  eqjaation,  shews  that 
that  integral  involves  an  axbitrary  constant. 

Actually  to  obtain  the  development,  let  ^(x)  represent  the 
general  value  of  y,  and  let  y^  be  the  particular  value  of  y 
corresponding  to  some  particular  and  definite  value,  x^^  of 
the  variable  x.    Then,  writing.  if>(x)  in  the  form 

we  have,  by  Taylor's  theorem, 
y  =  ^(a.^  +  f(^j(«-a;0  +  f'(a'.)^^'  +  &c....C29). 

But  ^  (x^  is  what  y  becomes  when  x  =  x^.  Hence  ^  (a?J  =  y^. 
Again,  <f>'(x^  is  what  ^^  \  i.e.  -^,  becomes  when  x'=x^. 
Hence  4>(^o)  ^fii^oyV^}  ^7  (24).    In  like  manner  ^"(^J  is 


44  GENERAL  SOLXTTION  BY  PEVELOPMENT.         [CH.  n. 

what  -T^  becomes  when  x=^x^  and  is  therefore  equal  to 

ft  (^o>  Vo)'  Determining  thus  the  successive  coefficients  of 
(29),  we  have  finally 

which  is  the  general  integral 

If  we  a^tsume  x^  s  0,  and  represent  the  corresponding  value 
of  y  by  c,  "we  have 

y  =  o+f,(0,c)x+f,{0,c):^  +  &c (31). 

Should  however  any  of'  the  coefficients  in  this  development 
become  infinite  we  must  revert  to  the  previous  form,  and  give 
to  Xq  such  a  value  as  will  render  the  coefficients  finite,  and 
therefore  justify  th^  application  of  Taylor's  theorem. 

Virtually  the  integral  (30)  involves  like  (31)  only  one  arbi- 
trary constant.  For  in  applying  it  we  are  supposed  to  rive 
to  Xq  B,  definite  value,  and  this  being  done  the  corresponding 
arbitrary  value  of  y^  constitutes  the  single  arbitrary  constant 
of  the  solution. 

[See  the  Supplementary  Volume,  Chapter  xix,  Arts.  4 
and  5.] 


EXERCISES, 

1.    Integrate  the  differential  equations: 

(1)  0.+x)j/da!  +  (l-tf)a!dyO. 

(2)  {^  +  asf)dx^i3?-ya?)dy'=Q. 

(3)  xyO.  +  a?)dy-{l  +  ^)diB=0. 

(4)  (l+3^(&-{y+V(l+y*)}(l  +  aO*rfy  =  0. 
(6)    Bmxcaiydx—ixmxwa.ydy^Q. 

(6)    8ec'a;tan^<2i;-f 8ec*^taaiB(2y— 0. 
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2.  Diflferent  processes  of  solution  present  the  primitive  of 
a  differential  equation  u!hder  the  following  different  forms,  viz. 

tan"*  (aj.+  y)  +  tan"*  (a-  —  y)  =  c, 

Are  these  results  accordant  ? 

3.  Integrate  the  homogeneous  equations  : 

(1)  Q/'-aijdy+ydx^O. 

(2)  {2^{xy)--x]dt/+^ydx=^0. 

(3)  xdy  —  ydx  —  f^(x^  •\.y^)dx^  0. 

(4)  {/c  — ycos-j  e&  +  ajcos^dy  =  0. 

(5)  (8y  +  lOi)  dx  +  (5y  +  7^)  dy^O. 

4.  Integrate  the  equations :    • 

(1)  (2a?-y+l)(ia?  +  (2y-a?-l)e?y  =  0. 

*  • 

(2)  (3y-7a?  +  7)e?iB+(7y-3a?  +  3)e?y  =  0; 

the  former  as  an  exact  differential  equation,  the  latter  by  re- 
duction to  a  homogeneous  form. 

6.    Explain  what  is  meant  by  variation  of  parameters,  and, 

having  integrated  the  equation  a?  -p  —  ay  =  0,  deduce  by  that 

d'u 
method  the  solution  of  the  equation  a?  -t^  —  ay  =  a?  + 1. 

6.     Integrate,  by  the  direct  application  of  (23),  the  linear 
equations, 

(1)         t+T^y=     ' 


dx  '  1  +  af  '     2x{l  +  a?)' 
(2)  x(l-an^  +  {p^-l)y  =  aa?. 

/»s  <?y  .        .V       _  a;  +  V(l  -  jc*) 
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dy  ,  sin  2a? 

(6)  (l  +  oO  J+y=»taii"*^- 

7.     Shew  that  the  solution  of  the  general  linear  equation 
^+Py  =  Q  may  be  expressed  in  the  form 


y  =  ^-e-f''-(c+jef"-df). 


8.  Shew  that,  ^  (x)  being  any  function  of  x,  the  solution 
of  the  linear  equation 

^-y4>'ix)=4>{x)4>'(x), 
wiU  be  y  =  c€*^«^  —  ^  (^)  ""!• 

9.  Shew  that  if  in  the  linear  equation  'f'  +  Py  =  Q  we 

represent  -^  by  p,  and  then,  differentiating  and  eliminating 

y,  form  a  differential  equation  between  p  and  x,  that  equation 
will  also  be  linear. 

10.  Integrate  the  differential  equations : 

dz 

(1)  (l^a?)-^-xz  =  axz\ 

(2)  ^z^^-az^^x-\'l. 

(3)  ^+2xz^2aa?£'. 

(4)  -1- +  2:  cos  0?  =  «"  sin  2a?. 

(5)  a^^  +  y^Z^loga?, 


(    47    ) 


CHAPTER  IIL 


EXACT  DIFFERENTIAL  EQUATIONS  OF  THE  FIBST  DEGBEE. 

1.  As  the  cases  considered  in  the  previous  Chapter  under 
which  the  equation  Jlf(to  + JTdy  =0  isintegrable  by  the  sepa- 
ration of  the  variables^  are  but  a  small  number  of  the  cases 
in  which  a  solution  expressible  in  finite  terms  exists,  Analysts 
have  engaged  in  a  more  fundamental  inquiry  of  which  the. 
following  are  the  objects,  viz. 

Ist^  To  ascertain  under  what  conditions  the  equation 

Mdx-^Ndy^O 

is  derived  by  immediate  differentiation  from  a  primitive  of 
the  form  f(x,  y)  =  c,  and  how,  when  those  conditions  are 
satisfied,  the  pzimitive  may  be  found. 

2ndly,  To  ascertain  whether,  when  those  conditions  are  not 
satisfied,  it  is  possible  to  discover  a  factor  by  which  the  equa- 
Hon  Mdx  +  Mi,=Ji  hem^  multipUed,  its  first  member  wiU 
become  an  exact  differentiaL 

These  inquiries  will  Ibrm  the  subject  of  this  and  the  follow- 
ing Chapter. 

Prop,  l  The  one  necessary  and  sufficient  condition  under 
which  the  first  merriber  of  the  equation  Mdx  +  Ndy  =  0  is  aw 
exact  differential  is 

dM    dN  ,-^ 

dy  ""cto '* 

Let  it  be  considered  in  the  first  place  what  is  meant  by  the 
supposition  that  Mdx  +  Ndy  ia  an  exact  differential.  It  is 
that  M  and  N  are  partial  differential  coefficients  with  respect 
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to  X  and  y, — ^that  there  exists  some  fimction  V,  sach  that 

f-*. «. 

f-* • ("• 

Any  relation  between  M  and  N  whicli  we  can  derive  inde- 
pendently of  the  form  of  V  from  the  above  equation^  will  be 
a  necessary  condition  oiMdx  +N'dy  being  an  exact  diflferential. 
And  conversely,  any  relation  between  Jf  and  -AT  which  suffices 
to  enable  us  to  discover  a  function  Factually  satisfying  the 
above  equations  (2),  (3),  will  be  a  sufficient  condition  of 
Mdx  -h  Ndy  being  an  exact  differential.  And  if  the  same 
condition  should  present  itself  in  both  cases,  it  will  be  both 
necessary  and  sufficient 

Differentiating  (2)  with  respect  to  y,  and  (3)  with  respect 
to  X,  we  have 

d^^dM        d^^dN 

dydx      dy  *      dxdy     dx ****^  '' 

But  the  first  members  of  these  equations  being,  by  a  known 
theorem  of  the  Differential  Calculus,  equal,  we  have 

—  =  — 

dy      dx   ^  '* 

This,  therefore,  is  a  necessary  condition  of  Mdx  +  Ndy  being 
an  exact  differential.  It  is  also,  as  will  next  be  shewn,  a 
sufficient  condition. 

In  the  first  place  the  function  Vy  if  such  exist,  must  satisfy 
the  equation  (2). 

Integrating  this  equation  relatively  to  x  alone  (since  the 
differentiation  in  ^  is  relative  to  x  alone),  we  have 


r«Jifc&+a (6), 
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C  being  a  quantity  which  is  constant  relatively  to  x,  so  that 

dC 

-J-  =  0.     Hence,  though  C  does  not  vary  with  x,  it  may  vary 

with  y,  and  there  is  nothing  to  limit  the  manner  of  its  varia- 
tion. It  is  therefore  an  arbitrary  function  of  y,  and  we  may 
write 


r=jilfc&  +  ^(y) (7). 


This  is  the  most  general  form  of  Fas  a  function  of  a?  and  y, 
which  satisfies  the  equation  (2). 

In  the  second  place  Fmust  satisfy  the  equation  (3).  Sub- 
stituting in  that  equation  the  value  of  y  given  in  (7),  we 
have 

dJMdx  ^  d4(y)_^^^ 

dy  dy 

Therefore  d^^^^dJMdx^ 

dy  dy 

Whence  ^{y)^ji^N^^^yy+C ....(8), 

G  being  simply  an  arbitrary  constant,  since,  as  the  constant 
of  integration  with  respect  to  y  it  cannot  contain  y,  and  as 
part  of  the  expression  for  <^  (y)  it  cannot  contain  x. 

Now  the  integration  in  the  second  member  is  theoretically 
possible  (though  its  expression  in  finite  terms  may  not  be 

possible)  if  the  coefficient  of  c?y,  viz.  N  — L —  ^  jg  a  function 

of  y  only,  i.e.  if  its  differential  coefficient  with  respect  to  x 
is  0.     Expressing  this  condition,  we  have 


dN     d  dJMdx^^ 
dx     dx     dy 

T>  .  d  djMdx      d  dJMdx 

ay  ' 

Bi  D.  E. 


(9). 
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TtiiM  the  conditioD  %  becomes 

dX    dM    ^ 

-,— =  0 (10). 

ax      dy  ^    ' 

Hiifl  then  is  a  miffidentj  as  it  has  before  been  shewn  to 
be  a  nec€$$ary  condition  of  Mdx-k-Xdy  being  an  exact  diffe- 
rential 

The  substitution  in  (7)  of  the  isalae  of  ^  (y)  fonnd  in  (8) 
gives 

V~JMdx+f{N-^)dy+  C (11). 

Finally^  supposing  still  the  condition  (10)  satisfied,  the 
solution  of  the  equation  Mdx  +  Ndy  =  0  will  be 

fMd^+j(N.^^)dy^C (12). 

2.  The  practical  rule  to  which  the  above  investigation 
leads  is  the  foUoWiitg'/ 

To  solve  the  equation  Mdx  +  Ndy  =  0  when  its  first  mem- 
ber is  an  exact  differential,  integrate  Mdw  with  respect  to  a;, 
regarding  y  as  constant,  and  adding,  instead  of  an  arbitrary 
constant,  an  arbitrary  function  of  y,  which  must  afterwards4)e 
determined  by  the  condition  that  the  differential  coefficient  of 
the  sum  with  respect  to  y  shall  be  equal  to  N.  Then  that 
sum  equated  to  an  arbitrary  constant  will  be  the  solution 
required, 

Ex.  1.    Given  (aj"-4a?y-2y^efo+(^-4ay-2a0dy  =  0. 
Here  Jf-  x*  -  iay  -  2y'  and  jN'=y  -  4«ry  —  2a?",  whence 

dy      dx^  ^* 

and  the  first  member  of  the  given  equation  is  an  exact  diffe- 
rential 
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Now  Jilf(&  =  |'-a^y-2/a?+^(y) (1), 

the  arbitrary  function  ^  (y)  occupying,  according  to  the  rule, 
the  place  of  the  constant  of  integration.  To  determine  ^  (y), 
we  have 

1^  1^  -  2afy  -  2y»»  +  ^  (y)| «  ^  -  4ary  -  2a!». 

Whence  ^=3^, 

ay 

Substituting  this  value  in  the  second  member  of  (1),  and 
equating  the  result  to  an  arbitrary  constant,  we  have 


3 

the  solution  required. 


^-2a:'y-.22/«aj  +  ^=(7, 


Ex.2,    Given     ..f[    ,,  +  {l^   ,J^   J-  =  0> 
Here     if=  ,,}    ^,,  JV^=--         "^ 


Hence  we  find  ' 

dy      (a^-\-y^)^      dx  * 

To  obtain  the  complete  integral  we  will  on  this  occasion 
employ  directly  the  general  form  of  solution  (12).    We  have 


[Md(D  » log  {x  +V  (^  +  f)]y 

■j-  lMdx==  — 
dyj  y 


y^i^-^-y'y 

Hence,  ^—y-  \^dx  =  0,  so  that  (12)  gives  simply 

log{«  +  V(«'  +  ^}  =  c. 


4—2 
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Substituting  log  C  for  c,  and  then  freeing  the  equation  from 
logarithmic  signs  and  from  radicals^  we  have 

y*  =  (7-.2Cte. 

3.  We  may  in  many  cases  either  dispense  with  the  appli* 
cation  of  the  criterion  (1),  or  greatly  simplify  its  application, 
by  attending  to  the  two  following  principles,  viz. 

1st,  If  Mdx  +  Ndy  can  be  divided  into  two  portions,  one 
of  which  is  manifestly  an  exact  differential,  it  suffices  to  ascer- 
tain whether  the  other  is  such. 

2ndly,  If  Mdx  +  Ndy^  or  that  portion  of  it  which,  according 
to  the  above  principle,  it  may  suffice  to  examine,  can  be  re- 
solved into  two  factors,  one  of  which  is  manifestly  the  exact 
differential  of  a  function  of  x  and  y,  which  we  will  represent 
by  u,  then  when  the  other  factor  is  expressible  as  a  function 
of  Uf  we  shall  have  an  expression  of  the  form/  (w)  du  which  is 
necessarily  an  exact  differential 

Ex.  Given {a;+-^^:^}cZ^H-|y-^^^_^^}rfy  =  0. 
This  equation  may  be  expressed  in  the  form 

Now,  xdx  +  ydy  being  an  exact  differential,  it  suffices  to  ex- 
amine whether  the  term  ^  ,,  ^ ^  is  such  also. 

'    This  teriH  may  be  expressed  in  the  form  of  the  product 

y  ydx-xdy 

X 

the  second  fitctor  of  which  is  the  differential  of  -.    If  we 

make  -  =  w  the  product  assumes  the  form  -r^r ;r,  which  is 

y  ^  '  v(l-^) 

the  differential  of  sin*^t^. 
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The  complete  primitive  is  therefore 

— ^  +  sm   -  =  c. 
2  y 

4.  The  converse  form  of  the  property  last  noticed  is  of 
sufficient  importance  to  be  stated  as  a  distinct  proposition^ 
namely. 

Prop.  II.  If  U  and  u  be  functions  of  x  and  y,  and  Udu  be 
an  exact  differential,  then  ?7will  be  a  function  of  w. 

For  Udu^U^dx+U^dy. 

Hence  the  second  member  being  an  exact  differential  we 
have  by  Prop,  i. 


dy\    dx)     dx\    dy)      ' 


.,       -  dUdu     dUdu     ^ 

therefore  -j—  j —  -3 — ?-  =  0. 

ay  dx     dx  dy 

Therefore,  by  the  proposition  in  the  first  Article  of  the  second 
Chapter,  CTwill  be  a  function  of  w. 

EXERCISES. 
1.     (pf  +  Zaf)  dx-\'  (jf-V  &x?y)  dy^O, 

-  ^-(?->=«- 

4.     xdxJrydy  +  -^^^  =  0. 

6.      ^{a?-¥f-{-ix)das  +  2yedy  =  0. 
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7.  {n  COB  {nx+my)^man(nix-\'ntf)]dx 

+  {«tcos  {ruv  +  fny)'-nsm(mx  +  ny)]  dy^O. 

8.  Shew,  without  applying  the  criterion,  that  the  follow- 
ing are  exact  differentials,  viz. 

Ist  (cdx-^rydy    ^  ydx-xdy^^ 

9.  Integrate  the  above  equations. 

10.  Integrate  the  equation  — 'jf  .  Jj  jg^ ^  x'^'^dx  =  0, 

distinguishing  between  the  different  cases  which  present  them- 
selves according,  1st,  as  h  and  c  are  of  the  same  or  of  opposite 
signs;  Sndly,  as  a  is  equal  to,  or  not  equal  to,  0. 

11.  Shew  by  the  criterion  that  the  expression 

4>i^dx^^{^dy 

is  generally  an  eicact  differential,  and  exhibit  the  functional 

, .  ,   dM     ,  dN 
forms  which  -j-  and  -j-  assume. 

ay         ax 
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CHAPTER  IV. 


ON  THE  INTEGRATING  FACTORS  OF  THE  DIFFERENTIAL 

EQUATION  Mdx  +  Ndlf=^0. 

1.  The  first  member  of  the  equation  Mdx  +  Ndy  =  0  not 
being  necessarily  an  exact  dififerential,  analysts  have  sought 
to  render  it  such  by  multiplying  the  equation  by  a  properly 
determined  factor. 

Thus  the  first  member  of  the  equation 

is  not  an  exact  diflferentigtl,  since  it  4oes  not  satisfy  the  con- 
dition -T-  =  -T-  f  but  it  becomes  an  exact  differential  if  the 
ay      ax 

equation  be  multiplied  by  2a?,  and  its  integration,  which  then 
becomes  possible,  leads  to  the  primitive  equation 

The  multiplier  2x  is  termed  an  integrating  factor. 

We  propose  in  this  Chapter  to  demonstrate  that  integrating 
factors  of  the  equation  Mdx  +  Ndy  =  0  always  exist,  to  in- 
vestigate some  of  their  properties  and  relations,  and  to  shew 
how  in  certain  cases  integrating  factors  may  be  discovered. 
To  complete  this  subject  we  shall,  in  the  next  following 
Chapter,  investigate  a  partial  differential  equation,  upon  the 
solution  of  which  their  general  determination  depends,  and 
shall  examine  some  of  the  conditions  under  which  the  solu- 
tion of  that  equation  is  possible. 
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2.     To  every  differential  equation  of  the  form 

Mdx-\-Ndy^O, 

pertains  an  infinite  number  of  integrating  factors,  all  of  which 
are  included  under  a  single  functional  expression. 

It  has  been  shewn,  Chap.  II.  Art.  2,  that  the  above  equa- 
tion always  involves  the  existence  of  a  complete  primitive  of 
the  form 

t(«>y)  =  c  (1). 

Differentiating  the  last  equation,  we  have 

di^(x,y)     d'f{x,y)dy^Q 

dx  dy      dx        ^  •'* 

The  value  of  -^  determined  as  a  function  of  x  and  y  from 

dti 
this  equation  must  be  the  same  as  the  value  of -^  furnished  by 

the  given  differential  equation  expressed  in  the  form 

dx 
Hence  eliminating  -^  between  these  equations  we  have 

rf^  (a?,  y)     dyfr  (x,  y) 

dx dy  ,«x 

n         ir^ ^^  ^' 

Let  /A  be  the  value  of  each  of  these  ratios,  then 

As  fiM  and  fiN  are  therefore  the  partial  differential  co- 
efficients with  respect  to  x  and  y  of  the  same  function  -^  (x,  y) , 
the  expression  fiMdx  +  fiNdy  will  be  an  exact  differential. 
Thus  Mdx  +  Ndy  is  always  susceptible  of  being  made  an 
exact  differential  by  a  factor  fi. 
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3.  The  form  of  the  complete  primitive  is  however  without 
gain  or  loss  of  generality  susceptible  of  variation.  Thus  the 
primitive  a?  (1  +  ^)  =  c,  Art.  1,  might,  without  becoming  more 
or  less  general,  be  presented  in  the  forms 

sin{a;*(l+3r')}  =  c„   log{a:«(l+/)}  =  c„ 

or  in  the  functional  form  f{(x?{)>  +  jf)]  =  c,  where  c,  c,,  c^  are 
arbitrary  constants.  And  generally  a  complete  primitive  ex- 
pressed in  the  form  F=  c  may  be  expressed  also  in  the  form 
f{V)=^c,f{y)  denoting  any  function  of  F.  These  variations 
in  the  form  of  the  complete  primitive  imply  corresponding 
variations  in  the  form  of  the  integrating  factor,  a  special  deter- 
mination of  which  has  already  been  given,  Art.  1. 

To  investigate  the  general  form  under  which  all  such 
special  determinations  are  included,  let  us  suppose  /ll  to 
be  a  particular  integrating  factor  of  Mdx  +  Ndt/,  and  let 
fjLMdx  +  fiNdy  be  the  exact  diflferential  of  a  function  -^  {x,  y). 
Then  representing  for  the  present  y^  {x,y)  by  v,  we  have 

fiMdx  +  fiNdy  =  dv. 

Multiply  this  equation  hjf(v)^  an  arbitrary  function  of  r;  such 
being,  by  Art.  4,  Chap.  III.,  the  general  form  of  a  factor 
which  will  render  the  second  member  an  exact  differential. 
We  have 

fif{v)  {Mdx  +  Ndy)  =/(t;)  dv. 

Now  the  second  member  of  this  equation  being  an  exact  dif- 
ferential the  first  is  so  also.  As  moreover  the  first  member  of 
the  above  equation  can  only  become  an  exact  differential 
simultaneously  with  the  second,  the  factor  fif(v)  is  the 
general  form  of  a  factor  which  renders  Mdx  +  Ndy  an  exact 
differential. 

We  may  express  the  above  result  in  the  following  theorem. 

If  fi  be  an  integrating  factor  of  the  equation  Mdx + Ndy  =  0, 
and  %fv  =  c  be  the  complete  primitive  obtained  by  multiplying 
the  equation  by  that  factor  and  integrating,  then  iif{v)  wUl  be 
the  typical  form  of  all  the  integrating  factors  of  the  equation. 

Furthermore, /(v)  being  an  arbitrary  function  of  v,  the  num- 
ber of  such  factors  is  infinite. 
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Ex.    The  equation 

becomes  integrable  on  multiplying  it  by  the  factor  ( — )  ,  the 
actual  solution  thus  obtained  being 

^  .  y 

f^  a?     ^ 

Hence  the  general  form  of  the  integrating  factor  of  the  equa- 
tion is 


y  ^  \y*  "^y)  • 


yy 

4.  From  the  typical  fqrcfi  of  the  integrating  factor  of  the 
equation  Mdx  +  Ndy  =  0,  it  follows  that  if  we  know  two  par- 
ticular integrating  factors  of  the  equation,  the  solution  may  be 
inferred  without  integration. 

For  jM  being  one  of  the  factors  given,  the  other  must  be  of 
the  form  pf{v).  If  we  determine  their  ratio  by  division  and 
equate  the  result  to  an  arbitrary  constant  we  shall  have 

which,  from  what  has  been  said  in  the  preceding  Article,  is  a 
fonn  of  the  complete  primitive. 

5.  It  has  been  observed,  Art.  1,  that  the  discovery  of  an 
integrating  factor  of  the  differential  equation  Mdx  +  Ndy  ^0 
generally  depends  on  the  solution  of  another  diflferential  equa- 
tion, but  there  are  some  cases  in  which  it  presents  itself  on  in- 
spection.    The  equation 

{xy^+y)  dx  -  xdy  =  0, 

becomes  integrable  on  being  multiplied  by  the  factor  -j| ,  and 

this  factor  is  at  once  suggested  if  we  place  the  equation  in 
the  form 

y^xdx  +  ydx  -^  xdy  =  0, 
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We  could  thus,  also  by  inspection,  assign  the  integrating 
factors  of  any  equation  of  the  form 

j^dx+  ^  (x)  {yda>  —  xdy)  =  0, 

and  many  other  forms  will  readily  suggest  themselves.  The 
following  analysis  will  however  lead  to  results  of  greater 
generality  and  importance. 


Special  Determinations  of  Integrating  Factors, 

6.  Whatever  may  be  the  constitution  of  the  functions  M 
and  If  we  have  identically 

Kd.+Jrdy.l{(Jf«+Jry)(^+|)+(J&-;»!,)(^^^|)}. 
B„.       *+|=,e.ogw,$-|=.iog(!). 

Hence, 

Mdx  +  My^-A(Mx+J^y)dlogxy+{^^  (1). 

The  functions  Mx  +  Ny  and  Mx  —  Ny  appear  in  the  second 
member  of  this  equation  as  the  coefficients  of  exact  differen- 
tials. And  upon  the  nature  and  relations  of  these  functions 
the  inquiry  will  now  depend. 

Whatever  may  be  the  constitution  of  M  and  N  some  one, 
and  only  one,  of  the  following  cases  will  present  itself. 
Either  the  functions  Mx  +  Ny  and  Mx  —  Ny  will  be  both 
identically  equal  to  0,  or  (yae  of  them  will  be  so  and  not  the 
other,  or  neither  of  them  will  be  identically  equal  to  0.  These 
cases  we  will  separately  consider. 

1st.  The  case  of  Mx  +  Ny  and  Mx  -  Ny  being  both  iden- 
tically equal  to  0  may  be  dismissed,  as  it  would  involve  the 
supposition  that  2f  and  .^'are  each  identically  equal  to  0, 
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2ndly.  Suppose  that  one  of  the  functions  Idz+Njf  and 
Mx  —  Nt/  is  identically  equal  to  0  and  not  the  other,  and  fiist 
let  Mx+Ny  be  identicaUj  equal  to  0,  then  (1)  becomes 

"•"'"'"'  dividing  by  Mx  —  N^, 


Mc-N) 


..(2). 


e  second  member  being  an  exact  differential  the  first 
r  is  also  ona     In  this  case  then  Mdx  +  Ndy  is  made 

:t  differential  by  the  factw  -n j^  ■    By  parallel 

ig  it  follows  that  if  Mx  -  Ny  is  identically  equal  to  0 
t  Mx+Ny,  an  integrating  factor  of  Mdx  +  Ndy  will 

thlia  we  are  led  to  the  following  theorem. 

>BEM,  If  one  oniy  of  the  functions  Mx  +  Ny  and 
^y  ia  identically  equal  to  0,  the  reciprocal  of  the  other 
I  will  be  an  integrating  factor  of  the  equation 

Mdx+Ndy  =  0. 

'.  Let  nnther  of  the  functions  Mx  +  Ny  and  Mx  —  Ny 
atically  equal  to  0,  Then  first  dividing  the  funda- 
equation  (I)  by  Mx  +  Ny,  we  have 

Mdx  +  Ndy     ,  , ,  .  Mx  —  Ny  ,,     x      ,-, 

T5^^«-}<ilog«S,  +  ijg^|<Jlog-..,(3). 

t>y  Art.  3,  Chap,  iii.,  the  second  member  of  the 
equation  becomes  an  exact  differential  (its  first  term 

already  such)  if  ,.  ^  is  a  function  (rf  1<^  - ;  there- 
it  is  a  function  of  - ;  therefore  if  it  is  a  homogeneous 
n  of  fc  and  y  of  the  degree  0,  for  the  typical  form  of 
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such  a  function  is  ^  [-)  5  therefore,  finally,  if  M  and  ^are 

homogeneous  functions  of  x  and  y  of  a  common  degree.    For 

let  M  and  N  be  homogeneous  and  of  the  w*^  degree.    Then 

Mx'-Ny  and  Mx-^-Ny  are  each  of  the  degree  n  +  1,  and 

jM[x  ^  Nxi 

-^ ^  is  of  the  degree  0.  Thus  Jf  and:^being  homogeneous 

functions  of  the  w*^  degree,  the  second  member,  and  therefore 
the  first  member  of  (3),  is  an  exact  diflferential. 

From  this  conclusion,  combined  with  the  previous  one,  we 
arrive  at  the  followiDg  theorem. 

Theorem.     The  eqitation  Mdx  +  Ndy  =  0  loTien  homogeneous 
is  made  integrable  by  the  factor  -^ jr- ,  unless  Mx  +  Ny  is 

identically  equal  to  0,  in  which  case  ^ ^  is  an  integrating 

fac^xyr. 

Always  then  the  homogeneous  equation  Mdx  +  Ndy  =  0  is 
made  integrable  either  by  the  factor  -r^ ^ ,  or  by  the 

In  the  second  place,  dividing  the  fundamental  equation  (1) 
by  Mx^Ny,  we  have 

Mdx  +  Ndy     . /Mx  +  Ny  y.  .,     ^\      ,,, 

of  which  the  second  member,  and  therefore  also  the  first 

member,  becomes  an  exact  differential  if  tjt t^  is  a  fiinc- 

'  MX  —  My 

tion  of  log  a?y ;  therefore  if  it  is  a  function  of  ony;  therefore, 

finally,  if  M  and  N  are  of  the  respective  forms 

M^F,[xy)y,    N^F^(xy)xi 
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i  supposition  would  give 

Mx  +  Ny     FJxy)  +  F^(wy) 
Mx-Ny"" F^{a^) - F,{ay) ' 
the  second  member  is  a  function  of  the  product  xy. 
the  following  theorem. 

IKM.     The  equationMdx  +  Ndy  =  0  is  mad£  integraUe 
Ktor  jj — -jR^ ,  tohen  M  arid  N  are  of  the  respective 

M=F^{!ey)y,    N=F,(a^)ic, 
fx  —  Ny  ia  identtcally  equal  to   0,  tn  which  ease 
-  ia  an  integrating  factor. 

)  theorem  might  be  thus  expressed.     The  egttoHon 

F^  (xy)  ydx  +  J'',  {xy)  xdy  =  0 
integraUe  by  the  factor 


wy[F,{a^)~F,{xy)Y 
e  have  identically  F^{xi/)  -  F^iscy)  =  0,  in  which  case 

1 

xy[F,ixy)+F,{xy)\ 
egrating  factor. 

tay,  however,  remark  that,  in  the  particular  case  in 
U**^)  ~-^sC^)  ~*^'  ""  factor  is  needed,  as  the  dif- 
equation  may  then  be  expressed  in  the  form 

JP  {xy)  {ydx  +  xdy)  =  0, 

member  being  manifestly  an  exact  differential. 

be  results  of  the  above  investigation  may  be  summed 
lows. 

ler  of  the  fimctioTis  Mx  +  Ny,  Mx  —  Ny  it  identically 
0,  the  rftotprooa/  of  the  o&ter  Junction  is  an  integrating 
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factor  of  Mdop  +  Ndy  =  0 ;  but  if  neither  of  these  Junctions  is 
equal  to  0,  then  Tf    ,j^    ^  ctrj  integrating  factor  for  the 

equation  when  homogeneous,  and  -^ ^  an  integrating 

factor  of  the  equation  when  susceptible  of  expression  in  the  form 

^i  ip^y)  y^  +  ^a  (^)  ^y  =  o, 

Ex.  1,    Given      :^dx  +  (3a?V  +  V)  %  =  0- 

This  is  a  homogeneous  equation,  and  its  integrating  factor 
according  to  the  rule  above  given  will  be 


Thus  we  have,  as  an  exa^t  differential  equation, 
(^^ ,    {^a?y  +  2f)dy 

Referring  then  to  Art.  2,  Chap.  in„  we  have 

ofdx 


/^^ -"]«,*  + 30^/ +  2/ 


Differentiating  this  expression  with  respect  to  y,  and  com- 
paring the  result  with  the  corresponding  term  in  (1),  we  find 

z^^l  --  0,  whence  ^(y)  =*  const.,  and  we  have 

1       a'  +  2/ 

or  »■+%"«  OV(«"  +  y*) 

for  the  integral  required. . 
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Ex.  2.    Civev.(y  +  a^dx  +  {x-y^dy  =  0. 
This  equation  may  be  expressed  in  the  form 
(1  +  a^)  ydx  +  (1  -  xy)  xdy  =  0. 

Hence  its  integrating  factor,  as  given  by  the  rule,  will  be 

1       _  1 

Mx  —  Ny  ~  (1  +  xi/)  xt/  —  {l—  xtf)  xy 
1 

;  the  constant  J,  we  have,  on  multiplying  the  given 

Vdy  =  -n  — ^ .  Hence  the  complementary  function 
I  be  -  log  y.    Thus  we  have 


Ltegral  required. 

Given  {xY  +  xf)  dx  -  {a^y  +  3?y')  dy  =  0. 

treat  this  as  a  homogeneous  equation  regardlea 
ed  conditions,  we  find 


Mx+Ny     0' 
however  shews  that  when  Mx  +  .?^  is,  a«  in  the 
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1 

above  example,  identically  equal  to  0,  -yv ^  represents  an 

integrating  factor,  which  in  the  above  case  will  be 


8v  » 


The  equation  is  thus  reduced  to 

x^  y       ' 
whence  we  find  y  =^  coj  as  the  complete  integral. 

S.  From  the  theorems  of  the  preceding  article  others  of 
greater  generality  may  be  deduced  by  transformation.  Thus, 
since  the  equation  F^{xy)  ydx  +  F^  {xy)  xdy  =  0  is  made  inte- 

1 

grable  by  the  factor  — ^rr? — % — rw — ^^y  it  follows  that  the 

equation 

,    F^  {uv)  vdu,  +  F^  (uv)  udv  =  0 . 

is  made  integrable  by  the  factor  — rrr? — v — ¥n — ^  >  ^  and 

V  being  any  functions  of  x  and  y.    Hence  expressing  du  in 

the  form  -7-  da?  +  -^  du,  and  dv  in  the  form  -j~  dx  +  -T-  dy,vfe 
dx         ay   ^  dx         dy   ^ 

see  that  the  equation 
F,{uv)v^+F,{uv)u^dx+\F,{uv^^ 

m 

1 

is  made  integrable  by  the  factor  — t-et} — ^^ — ett — o  >  what- 

ever  functions  of  x  and  y  are  represented  by  u  and  v.  And, 
on  giving  particular  forms  to  these  function^,  particular  con- 
ditions of  integration  of  the  equation  Mdx  +  Ndy  =  0  present 

themselves. 

V 

9.  An  integrating  factor  for  homogeneous  equations  may 
also  be  found  by  the  following  method,  due  to  Professor  Stokes, 
who  first  pointed  out  the  necessity  of  taking  account  of  the 

B.  D.  E.  5 
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ich  3fx  +  Nt/  ia  identically  equal  to  0.  [CamhTidfjt 
jal  Journal,  Vol  IV.  p.  241,     First  Series.) 

M  and  K  to  l)e  homogeneous  functions  of  x  and  y 
ee  n.    Then  we  may  write 

M=xr,f,(v),  Jtf"=y^(«)  (1), 

inds  for  - . 

X 

Mdx  +  Ndy-af^(v)dx+x'^(v)J^ {2). 

,  therefore  dy  =  xdv  +  vdx.   Substituting  this  value 
e  second  member,  we  have 
f.  Ndy  =  a:-{0  (r )  +  wf-  (v)!  dx  +  sT'^  [v)  dtf.  ..(3). 
here  present  themselves. 

B  constitution  of  the  functions  ^  fv)  and  ■^  (v)  may 
hat  ^(;v)-\-v^{v)  may  be  identically  equal  to  0. 
appen  if  Mx  +  Ny  is  identically  equal  to  0,  since 

Jfj;  +  %  =  x-"|^(u)  +  t^(ii)]  (4). 

:ase  the  equation  (3)  reduces  itself  to 

Mdx  +  Ndy  =  af*'tfr  (v)  dv, 

Mdx  +  Ndy      ,  ,  •,  , 
or nt*-      =  Y \P) ""- 

•cond  member  being  an  exact  differential  the  first 
and  Mdx  +  Ndy  is  therefore  made  integrable  by 


■,  the  constitution  of  if  {v)  and  -^  (r)  may  be  such 
i-  v^  {v)  is  not  identically  equal  to  0,  And  this 
len  Jtfic+  Ny  is  not  identically  equal  to  0. 

ase  dividing  both  members  of  (3)  by 

Mdx  +  Ndy ^  (7j;         ■^  («)  dv 
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But  the  second  member  being  an  exact  differential  tbe  first 
also  is  such.    Now 

Mdx  +  Ndy        __  Mdx  +  Ndy  ,      .^. 
so-^^  {^  (v)  +  v^  (y)]  ""    Mco  +  Ny    ^  ^  ^' 

Here  then  Mdx  +  JS'dy  is  made  integrable  by  the  factor 

1 

Mx  +  Ny ' 

Combining  these  results  together,  we  see  that  the  homo- 
geneous equation  J/ctr  +  -^cZy  =  0  is  made  integrable  by  the 

^tor^r; jpr-,  unlcss  the  constitution  of  M  and  N  is  such 

Mx-^Ny 

as  to  make  that  factor  infinite.    In  the  latter  case  -^^  will  be 

X 

an  integrating  factor,  n  being  the  degree  of  M  and  N, 

The  form  of  the  supplementary  integrating  factor  as  given 
by  the  above  investigation  is  different  from  that  before  ob- 
tained.   The  results  are  however  perfectly  consistent. 

For  a  more  complete  analysis  of  the  problem  which  has  for 
its  object  the  discovery  of  the  integrating  factors  of  a  homo- 
geneous equation  we  must  have  recourse  to  the  method  of  the 
next  Chapter. 


EXERCISES. 

1.  Shew  by  the  application  of  the  theorem  of  Art.  1, 
Chap.  II.,  that  the  expression  x^y^  +  a^-\-y^+2  (xy  —  1)  (a?  +  y) 
is  a  function  of  x  and  y,  only  as  being  a  function  oixy  +  x+y. 

2.  A  particular  integrating  factor  of  the  equation 

2xydx  +  {y^  —  Sx^)  dy  =  0  is  y'\ 

Prove  this,  and  deduce  another  integrating  factor  by  the 
formula  established  in  Art.  6  for  homogeneous  equations. 

3.  Exhibit  the  general  form  under  which  all  the  integrat- 
ing factors  of  the  above  equation  are  comprehended. 

5—2 
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Deduce  in  lite  manner  the  functional  expression  for  all 
tegrating  factors  of  the  equation 

X      y        \y      x)       ' 
Obtain  integrating  factors  for  the  homogeneous  equa- 

.)    xdy  -ydx  =  'i/ia?  +^)  dx. 

J)     (Sy  +  10a:)dx  +  {5y  +  '7x)dy=O. 

5)     (ircoa-+y8in-)y(fo!+(a!C03"— y8in-jfl:dy=0. 
libit  the  corresponding  integrals  of  the  above  equa^ 

The  formula  ■rf ij-   fails  to   give   an   integrating 

for  the  homogeneous  equation  —^ — ^  =  0.    What 
la  ought  here  to  be  employed  and  to  what  result  does  it 

Determine  an  integrating  factor  of  each  of  the  equations 
{a:V  +  xy)  ydx  +  (a^^  - 1)  xdy  =  0. 
{3?y'+s^/-i-ay  +  V)ydx+{a?^~x'y'-a:y  +  l)irdy~0. 
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CHAPTER  V. 

ON  THE  GENERAL  DETERMINATION  OF  THE  INTEGRATING 
FACTORS  OF  THE  EQUATION  Mdx  +  Ndy=0, 

1.  Prop.  It  is  required  to  form  a  differential  equation  for 
determining  in  the  most  general  manner  the  integrating  fab- 
tors  of  the  equation  Mdo!  +  Ndy  =  0. 

Let  /A  be  any  integrating  factor  of  the  above  equation,  then 
since  fiMdx  +  fiNdy  is  by  hypothesis  an  exact  differential,  we 
have  by  Prop.  I.  Chap.  ni. 

d(jiN)  ^d{tiM) 

dcD  dy    * 

Hence 

j^^^    dN^j^dji^    dM 

dx    ^  dx  dy        dy  * 

or,  by  transposition. 


%T^/*  HJT^t'*  f^^        d^\  /IN 


which  is  the  equation  required. 

Now  this  equation  involves  the  partial  differential  coeflS- 
cients  of  /a  taken  with  respect  to  a:  and  y.  It  is  therefore 
a  partial  differential  equation.  We  have  not  the  means  of 
solving  it  generally,  and  it  will  hereafter  appear  that  its 
general  solution  would  demand  a  previous  general  solution 
of  the  differential  equation  Mdx  +  Ifdy  =  0,  of  which  fi  is 
the  integrating  factor.  But  there  are  many  cases  in  which 
we  can  solve  the  equation  under  some  restrictive  condition 
or  hypothesis,  and  the  form  of  the  solution  obtained  will 
always  indicate  when  the  supposed  condition  or  hypothesis 
is  legitimate.  ' 


OENEEAL  BKTERMINATION  [CH.  T. 

lowing  are  exaA:iples  of  aucli  Bolutioos. 
ft  he  &  fuDctioa  of  one  of  the  variables  only,  e.g. 
,  -we  have  from  (1) 
fdM    dN\ 


■,j-.- ,  ,     fdM     dN\  .  .  , 


d  ,      ,  ,  ,      dy      €Lx 

\6  second  member  of  this  equation  is  a  Junction  o/x 
ion  is  integrable,  and  we  hare 
rdM     dN- 


log0(a:)  = 


./^ 


m- 

e  seen  that  the  hypothesis  assumed  as  the  basis  of 
!  solution,  viz.  that  the  int^rating  factor  ;t  is  a 
f  a>  only,  is  legitimate  when  the  constitution  of  the 
^and  If  is  such  that  the  expression 

on  of  a;  only.  In  this  case  (2)  enables  us  to  deter- 
ralue  of  ft. 

manner  the  condition  under  which  /t  is  a  function 
is 

dN_dM 

1/   ^  =&  function  of  y  only (3), 
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and  the  value  of  /*,,  on  this  hypothesis,  is 

/*  =  €•'  ..(4). 

Ex.    Let  us  inquire  whether  the  equation 

(3x'  +  &cy  +  Sy)  efo  +  (2aj*  +  3a;y)  rfj^  =» 0 .<5) 

admits  of  an  integrating  factor  which  is  a  function  of  x  only. 
Making  if  =  Sa?"  +  Qxy  +  3^,  N^^x^-V  Zxy^  we  find 

dy      dx  _  6a?  +  6y  -  (4j;  +  3y)  __  1 
N  h^^Sxy  x' 

and  this  result  being  a  function  of  x  alone,  the  determination 
of  /t  as  a  function  of  x  alone  is  seen  to  be  possible.  From 
[2,)  we  now  find 

G  being  an  arbitrary  constant. 

Now  multiplying  (5)  by  Cx,  we  have 

C{{Sa?+6x'y-^5x]^)  dx  +  (2a;»  +  3a?»y)  dy}  =  «>. 

The  first  member  of  this  equation  remains  a  complete  diflTer- 
ential  whatever  value  we  assign*  to  (7.  If  we  make  C  =  1, 
and  integrate^  we  find 

-^-  +  2a?V  +  -/  =c, 

the  integral  sought. 

The  student  may  obtain  also  the  same  result  by  solving  (5) 
as  a  homogeneous  equation. 

The  linear  differential  equation  of  the  first  order 

dy 


dx 


+  Py^Q^O (6), 


P  and  Q  being  functions  of  x,  may  be  solved  by  the  above 
method. 

For,  reducing  it  to  the  form 

{Py-Q)dx-{-dy^O (7), 
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we  have  M^Py-^Q,  N=  1,  wtence 

dy      dx      p 
N      ^    ' 

which  being  a  function  of  x  we  find  from  (2) 

11  —  ^         . 

Multiplying  (7)  by  the  factor  thUs  determined,  we  have 

J""'{Py-Q)dx  +  J"''dy  =  0, 

the  first  member  of  which  is  now  the  exact  differential  of  the 
function 

Jpdx 


f    ffdx  ^^  « 


Equating  this  expression  to  an  arbitrary  constant  c,  we 
find 

y=^e^^'''{c+fJ'''Qdx} (8), 

which  agrees  with  the  result  of  Art.  10,  Chap.  n. 

3.  Let  it  he  required  to  determine  the  conditions  under* 
which  the  equation  Mdx  +  Ndy  =  0,  can  he  made  integrahle  hy 
a  factor  fi  which  is  a  function  of  the  product  xy. 

Representing  acy  hj  v  and  making  fi  =  if>{v)i  the  partial 
differential  equation  (1)  becomes 

^*'w|-WM|-(f-f)*(.)=«. 

T_  .       dv  dt)  /»   J 

whence,  since  -j-  =  y,  -=-  =  a?,  we  find 

dM^dF 

i>{v)      Ny-Mx'"' ^  ^' 

Thus  the  condition  sought  is  that  the  second  member  of  the 


I 
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above  equation  be  reducible  to  a  function  of  v  alone,  i.e.  of 
scy  alone.    And  the  corresponding  value  of  /t  is 

, ^»'-^'  (10). 

One  case  in  which  the  above  condition  is  satisfied  is  the 
following,  viz. 

F^{xy)ydx-\'F^{xy)xdy^Q (11). 

Making  JIf  =  F^  {v)  y,  j^=  F^  {v)  x,  and  observing  that  since 

dv  dv  ^    , 

dy cfa  ^  j;  {v)  +  vF^  (»)  -  j;  («)  -  vF^  jv) 

Ny-Mx  ""[F^^v) - F^iy)]  . 

_    FM-FM-^^[F;{y)-F;{v)} 

v{F,{f,)-F,{v)} 

1    f:{v)-f;{v) 

V-  F,{v)-F,{v)*     • 
a  function  of  v  alone. 
Multiplying  by  dv  and  integrating,  we  have  - 
■dM_  dN 

^^-^dv^-\ogv-\og{F,{v)-FM- 

Hence, 

1 1 

f"     V  {F,  (v)-F,{v)}  " xr,{F,  {xy)  -F,  {xy)] ' 
This  accords  with  a  result  of  Art.  6,  Chap.  rv. 

[The  above  investigatioti  fails  when  the  constitution  of  the 
functions  if  and  Nia  such  that  we  have  identically 

•     Ny-Mx^6. 

An  integrating  factor  for  this  case  has  already  been  found  in 
the  preceding  Chapter.] 
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Thus  the  equation  (a:*y'+l)y(iB+(;^y'— l)3rdy=0 
itegrable  oa  being  multiplied  by  the  factor  -_  — , 

bund  by  substituting  in  the  previous  expression 

■  F,  {xy),  and  a^y*  —  1  for  F^  (xy), 
1  solution  is 

2a:/  +  log^  =  C. 

rhe  equation 

(2ay  -  y)  c&  +  (icy  -  ar)  rfy  =  0, 

all  under  the  type  {II),  but  the  vduea  which  it 
or  M  and  N  ^ve 

dN 

dw        43^y-l-(4/.r-l)     _  _^     _2 
MX     2x*y*  —  xy  —  {2x*i/*  —  xy)        xy        v' 

'■  condition  of  integrabiiity  by  a  factor  of  the  form 
tis&ed.    Hence 


g  the  equation  by  this  factor,  and  integrating,  vre 
e  primitive 

^  +  —  +  f,*=C. 
xy 

<  required  to  investigate  ike  condition  under  which, 
on  Mdx  +  Ndy  =  0  can  he  made  iniegrahle  by  a 
'hich  is  a  homogeneous  function  of  x  and  y  of  the 

ist  be  of  the  form  ^  f "j  let  us  represent  ~  by  v, 
kSBuming  ii  =  ^  (v),  and  observing  that 

dv     —y      dv      1 

dji  ■    a?  '    dy     X* 
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the  partial  differential  equatif^n  (1)  becomes 

whence  &  =     ^^^      ^^^ . 

0(t;)         Mx  +  Ny 

Thus  the  condition  sought  is  that  the  second  member  of  the 

above  equation  should  be  a  function  of  v,  i.e.  of  - . 

And  the  corresponding  value  of  fi  is 


_./- 


VSi      ay/ 


''^-±d9 


Mx+Ny 

But  since  every  function  of  ^  is  homogeneous  and  of  the 

degree  0,  with  reference  to  the  variables  x  and  y,  we  may 
express  the  above  results  in  the  following  theorem. 

In  order  that  the  equation  Mdx  +  Ndy  =  0  may  he  made 
integrableby  a  factor  /x  which  is  a  homogeneous  function  ofx  and 
y  of  the  degree  0,  it  is  necessary  and  sufficient  that  the  function 

\^^  ^y^ (13) 

Mx  +  ]Sy  ^    ^ 

should  he  also  homogeneous  and  of  the  degree  0.     This  con^ 
dition  being  satisfied^  the  value  of  fi  will  he 

At=€''        (14), 

where  v  stands  for  -  ^  and  f  {v)  is  what  the  function  (13)  is 

reduced  to  hy  this  transformation. 

The  above  investigation  fails  when  the  constitution  of  the 
functions  M  and  N  is  such  that  we  have  identically 

Mx  +  Ny=0. 

An  integrating  factor  for  this  case  has  already  been  found  in 
the  preceding  Chapter. 
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We  proceed  to  notice  some  of  the  consequences  of  the 
above  theorem. 

It  is  evident  that  the  condition  which  it  involves  will  be 
satisfied  when  M  and  -Ware  homogeneous  functions  of  x  and  y. 
For,  supposing  them  to  be  homogeneous  and  of  the  n*  degree, 
the  numerator  and  denominator  of  the  fraction  (13)  will  each 
be  of  the  (w  + 1)***  degree,  and  the  fraction  itself  therefore  of 
the  degree  0,  the  condition  required* 

It  is  not  however  by  homogeneous  equations  only  that, 
this  condition  is  satisfied,,  and  it  is  sometimes  worth  while  to 
inquire  into  its  applicability  in  other  cases.     Thus  for  the 

equation 


we  should  find  the  integrating  factor  cos  - . 

« 

5.  It  is  required  to  investigate  the  conditions  under  which 
the  equation  Mdx  +  Ndy  =  0  can  he  made  integrahle  by  a  /ac- 
tor fi,  which  is  a  homogeneoits  function  of  the  degree  w. 

Assuming  /t  =  oj*^  r^J ,  the  partial  diflferential  equation  (1) 
becomes 

\di/      dx)     ^\x)' 
Dividing  by  a^"'  and  transposing,  we  get .     , 

(ifo.if,)fg)-{<f-f)+»«.}*© 

whence 

/v\  Mx-vNy 


t 
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Ijet  -  =  V,  and  suppose  the  second  member  to  assume  the 

form /(v)  J  then,  multiplying  both  sides  by  dv  and  integrating, 
we  have 


log  ^  (v)  -\f(v)  dv. 


Hence  /ia  =  a;* ^  (v)  =  a?'*e^*'^*'. 
Thus  we  arrive  at  the  following  theorem. 

Theorem.  In  order  that  the  equation  Mdx  +  Ndy  =  0  may 
he  made  integrate  by  a  factor  /jl,  which  is  a  homogeneous  func- 
tion of  X  and  y  of  therf^  degree,  it  is  necessary,  and  it  suffices, 
that  on  Todking  y  =  vx  the  function 

Mx  +  ify  "^^^^ 

should  assume  the  form  f  {v),  .This  condition  being  satisfied, 
the  eoffpression  for  fi  will  be 

fi^arJ''"''' (16). 

It  will  be  noted  that  the  condition  that  (15)  shall  be  a 
function  of  v,  is  the  same  as  the  condition  that  it  shall  be  a 
homogeneous  function  of  x  and  y  of  the  degree  0, 

The  theorem  fails  when  Mx  +  Ny^Q,  a  case  already  con- 
sidered. 


Ex.  1.    Required  to  determine  whether  the  equation 

(2a?  +  Sa?y  +y^-y^)dx-\-(2i/^  +  Sxf+  of'-x^)dy^O 

admits  of  an  integrating  factor  which  is  a  homogeneous  func* 
tion  of  x  and  y. 
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'-3«'+2s(-3j',  ^-S/H-Si-Sa?, 

OQ  substitution, 

Mx  +  Ny 

+  6)  a*  +  (3w  +  6)  a^'ff'  +  2?w:y  +  (n+2)  a^-2a^.y 
2*' +  2a^y  +  2^/"  +  Sy  +  a:*y  +  ay 

:  now  to  inquire  whether  there  exists  any  value  of  n 
luces  the  second  member  of  the  above  equation  to  a 
!Oua  function  of  w  and  y  of  the  degree  0. 

ember  may  be  expressed  in  the  form 

,(Tt+6)a^-(3n  +  6)a;y-2w,y*-Cw  +  2)j^'+2.Ty 

now  plain  that  if  any  value  of  n  will  apswer  the 
condition,  it  must  be  one  which  will  make  the  terms 
X  xy'  and  a;*  in  the  numerator  of  the  second  factor 
Mf^ing  then  n  =  -  2,  we  have 

~x      4a:*  +  4y'  +  2xy_  -2a; 
ff  +  y      2x'  +  2y  +  a:ry  ~ x-^y 

-2 


"tar  +  y)'- 
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Multiplying  the  given  equation  by  this  factor  and  integrating, 
we  find  as  the  primitive  equation 

»  +  y 

In  the  case  of  homogeneous  equations  the  condition  in- 
volved in  the  general  theorem  will  be  satisfied  independently 
of  the  value  of  n,  the  particular  case  in  which  Mx  +  Ny  «=  0 
excepted.  It  follows  hence  that  with  this  exception  we  can 
find  an  integrating  factor  of  any  proposed  degree  for  the 
homogeneous  equation  Mdx  +  Ndy  =  0. 

Ex.  3.  Required  two  integrating  factors  of  the  respective 
degrees  0  and  1  for  the  equation 

(3a?  +  2y)  (7a?  +  iPcZy  =  0. 
First  making  Jf  =  3a?  +  2y,  N^  x,  and  n  =  0,  we  have 

\dx      dy  ) ""^ 

Mx-tNy  ""S^i+y)' 

Hence  /W^skIT^' 

^  \x-\-y/ 

Secondly,  making  Jf  =  3a?  +  2y,  N=^ «?,  w  =  1,  we  have 

^fdN    dM\     ^ 

\dx      dy  ) ^ 

Tx  +  Ify  ^• 

Hence  f(v)  =  0, 

fl  =  X€'^  =Ca7. 

Thus  replacing  each  of  the  constants  c  and  c  by  unity,  the 
integrating  factors  in  question  are  I Y  and  a?. 
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.    Multiplying  hy  the  second  factor  x  and  integrating,  we 
find  a?  +  s^y  «  C  for  the  primitive. 

Again,  if  in  illustration  of  the  remark  of  Art  4,  Chap,  iv., 
we  equate  to  an  arbitrary  constant  the  ratio  of  the  second 
factor  to  the  first,  we  have  , 

or  {x  +  yY  =  constant, 
which  being  equivalent  to 

a?  (x  +  y)  =  constant, 

agrees  with  the  previous  solution. 

Let  us  next  examine  the  general  results  to  which  the 
theorem  leads,  when  M  and  N  are  homogeneous  and  of  the 
w*^  degree. 

The  general  forms  of  M  and  N  will  be  on  putting  t;  for  -, 

Hence,  observing  that 

-J-  =  ma?""'-^  (y)  -  fl?"*^2^'  (v). 


dx 

dM 
dy 


=  x-'Y(v)) 


we  have  on  substituting  in  the  expression  for  f(v),  and 
dividing  niunerator  and  denominator  of  the  result  by  af*\ 

. ,  .  _  (ot  +  n)  ■<^  (v)  -  yyp''  jv)  -  4>'  (t))  . 

^^'~  ^(«)+«t(«)  ^''' 

If  we  make  n,  the  value  of  which  may  be  chosen  at  plea- 
sure, equal  to  —  m  —  1,  we  have 

Multiplying  by  dv  and  integrating, 

jf{v)  <fo  »  -  log  {^  (v)  +  vf  (t))}. 
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Hence,  /a  =  x^S''^^"^  =    ,,^,.^,  f — t-t-nT  =  liF^r  •  •  -(18). 

And  here  again  it  results  that  the  homogeueoas.  equation 
Mdx  +  Ifdy=^0,  may  be  made    integrable    by  the   factor 

If  .in-  y  except  in  the  particular  case  in  which  the  con- 
stitution of  Jf  and  JV  is  such  as  to  make  Mx  +  iVy  =  0.  More- 
over this  theorem  is  seen  to  be  only  a  particular  consequence 
of  the  general  theory  of  the  integrating  factors  of  homogeneous 
equations. 

Resuming  (17)  which  we  may  write  in  the  form 
/.r  X  __  (m  +  n  +  l)^lr  (y)-  {yjr  (v)+vylr'(v)  +<f>(v)} 

we  have 
//(.)  d,  =  (m  +  n  +  1)|^^^M|L_  _  log  {^  (,)  +  ^f  (,)}, 

by  the  substitution  of  which,  combined  with  the  previous  re- 
duction, the  general  value  of  fi  becomes 

^"  Mx  +  Nt/  ^^^)' 

which  is  the  general  expression  for  an  integrating  factor  of  the 
n^  degree,  supposing  n  not  equal  to  —  m  —  1. 

If  we  now  equate  to  an  arbitrary  constant  the  ratio  borne 
by  the  last  value  of  fi  to  the  previoxis  one  (18),  we  have 

which  is  readily  reducible  to 

loga,+  \-±M^     c....... (20). 

Now  this  is  the  very  solution  of  the  homogeneous  equation 
Mdx  +  Ndy  =  0,  obtained  by  the  direct  assumption  y  =  vx,  in 
Art.  8,  Chap.  II. 

B.  D.  E.  6 
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We  thus  see  that  in  the  case  of  homogeneous  equations  the 
employment  of  integrating  factors  conducts  us,  but  by  a  more 
lengthened  route,  to  the  same  final  integrals  as  the  direct 
method  of  Chap.  ii.  It  is  difficult  to  lay  down  any  general 
rule  as  to  the  value  of  concurrent  methods,  but  it  would  pro- 
bably be  not  very  remote  from  truth  to  say,  that  ^ihQ  peculiar 
advantage  of  the  theory  of  integrating  factors  consists  rather 
in  its  appropriateness  for  the  investigation  of  conditions  under 
which  solution  is  possible,  than  in  the  actual  processes  of 
solution  to  which  it  leads. 

6.  The  following  application  of  the  theorem  is  of  a  more 
general  character. 

The  equation 

P^dx  +  P^dy-\-Q{xdy-ydx)  =  {) (21), 

where  P^  and  P^  are  homogeneous  functions  of  x  and  y  of  the 
degree^,  and  Q  is  a  homogeneous  function  of  x  and  y  of  the 
degree  q,  may  be  rendered  integrable  by  a  factor  jjl  which  is  a 
homogeneous  function  of  x  and  y  of  the  degree  —  g  —  2. 

Hereif=P,-ey,    N^P^-vQx. 

Hence  Mx  +  ^  =  P^x  +  Pj/. 

Thus  the  denominator  of  (15)  is  the  same  as  if  Jlf  and  j^  were 
reduced  to  their  first  terms  P^  and  Pg.     And  the  numerator 
remains  the  same  also.     For  the  addition  which  the  second ' 
terms  of  M  and  N,  viz.  —  Qy  and  Qx,  make  thereto  is 

which,  on  effecting  the  differentiation,  becomes 


^{'t^yf.^'-^M- 


but  Q  being  by  hypothesis  homogeneous  of  the  (f  degree, 
whence, 

dO       dQ       ^ 


V 
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the  above  expression  reduces  to 

aj«(j  +  7i4-2)Q, 

and  vanishes  if  n  is  made  equal  to  —  g  —  2.  Thus  (15)  as- 
sumes the  same  form  as  if  Jf  and  i\r  were  homogeneous  of  the 
degree  p,  and  the  condition  of  the  theorem  is  satisfied. 

[If  we  write  equation  (21)  in  the  form 

OS 

the  required  result  follows  at  once  from  the  remark  on  page 
79,  lines  4... 7;    for  a  homogeneous  factor  of  the  degree 

-J—  2  will  obviously  render  Qa?d-  integrable.] 

7.  All  the  applications  which  we  have  hitherto  made 
of  the  partial  differential  equation  (1)  are  of  one  kind.  The 
general  problem  which  they  exemplify  is  the  following.  Under 
what  condition  does  the  equation  Mdx-^-Ndy^O  ^Amit  of 
being  made  integrable  by  a  factor  of  the  form  ^  (v)  where  v  is 
a  known  and  definite  function  of  x  and  y  1  Let  us  examine 
the  general  form  of  its  solution. 

On  substituting  <f>  {v)  for  fi  in  (1),  we  find 

dM_dN 

p^ — jy   ^ , (22). 

4>{v)       xjdv      T,^dv 
dx         dy 

The  condition  sought  then  is  that  the  second  member  of  this 
equation  should  be  a  function  of  v.  Representing  that  func- 
tion by/  [v)  the  corresponding  value  of  /a  is 

li^ei''^^'' (23). 

Any  special  case  may  be  treated  either  independently  as  in 
the  previous  examples,  or  by  directly  referring  it  to  the  above 
general  form. 

6—2 
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Thus  a  direct  reference  to  the  above  theorem  shews  that  the 
condition  which  must  be  satisfied  in  order  that  the  equation 
Mdx  +  Xdi/  =  0  may  admit  of  an  integrating  £actor  of  the 
form  if>Qt?  +  y)  is  that  the  function 

dM_dN' 
dy      dx 

2Nx~M 

i  be  a  function  of  as*  +  y.  And  the  mode  of  determining 
loiat  would  be  to  assume  ^  +  y  =  f,  and,  thence  deducing 
—  ic*,  to  substitute  that  value  of  y  in  the  above  function, 
ee  whether  the  result  assumed  the  form  f{v).  The 
ion  (23)  would  then  give  the  value  of  /*.  And  this  mode 
:)cedui:e  is  general 

When  by  the  discovery  of  an  integrating  factor  the 
)ility  of  solving  a  differential  equation  has  been  esta- 
h1,  there  is  no  more  valuable  exercise  than  to  endeavour 
ect  the  same  object  by  other  means. 

t  us  take  as  an  example  the  equation  considered  in 
3,  viz. 

F^dxJfP^dy+Q{xdy-ydx)=Q (24), 

id  P,  being  homogeneous  of  the  degree  p,  and  Q  homo- 
)us  of  the  degree  j. 

ng  "  =  V,  whence  flow 

^  X        ' 

dy  =  xdv  +  vdx, 
xdy  —  ydx  =  o^dv, 
^ven  equation,  expressed  in  terms  of  the  variables  x  and 


a:*^  {v)  dx  +  x''^  («)  {xdv  +  vdx)  +  x^x  C")  ^  ^^^  =  Oi 
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and  assumes  on  transposition  and  division  the  form 

^  I         ^W ^-       '      XW        ^^j.c^ /25\ 

Now  the  reducibility  of  an  equation  of  this  form  to  a  linear 
form  has  been  established  in  Chap.  ii.  Art.  11. 

Under  the  general  form  (24)  are  virtually  included  some 
remarkable  equations  which  have  been  made  the  subjects  of 
distinct  investigations. 

Thus  Jacobi  has,  by  an  analysis  of  a  very  peculiar  character, 
solved  the  dififerential  equation  (Crelle's  Journal,  Vol.  xxiv.) 

(A  +  A'x  +  A'y)  (xdy  -  ydx)  -  (S  +  JS'a?  +  B"y)  dy 

+  (a+(7'a;+(7"y)da?=0 (26). 

K,  however,  we  assume  in  that  equation 

we  can,  by  a  proper  determination  of  the  constants  a  and  ^, 
reduce  it  to  the  form 

(af  +  a'v)  {^dv  -  v^^) "  (J?+  ^^v)  dv  +  (c|  +  c'77)  d^  =  0, 

which  falls  under  (24).     On  eflfecting  the  substitution  in  ques- 
tion the  equations  for  determining  a  and  ^  will  be  found  to  be 

a  (^  +  A'a  +  A''fi)  -  (B  +  J?'a  +  ^'/S)  =0, 
^fi{A+A'a  +  A''fi)  +  G+  G'a+  0"/3  =  0. 

The  most  convenient  mode  of  solving  these  equations  is  to 
write  them  in  the  symmetrical  form 

a  p 

then,  equating  each  of  theee  expressions  to  X,  we  find 

A-X  +  A'a  +  A"^  =  0, 

C+(7a  +  (0"-\)/3  =  0, 
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from  which  eliminating  a  and  fi  we  have  the  cubic  equation 
(.4-X)(5'-X)(C"-X)-£''C'(^-X)-^"0(S'-X) 
^A'B{Cr'-X)  +  A'F'G+A"BC'=0 (27). 

If  a  vahie  of  X  be  found  from  this  equation,  any  two  equa- 
tions of  the  preceding  system  will  give  a  and  )3. 

9.  The  present  chapter  would  be  incomplete  without  some 
notice  of  a  method  which  was  largely  employed  by  Euler. 

That  method  consisted  in  assuming  /i  to  be  a  function 
definite  in  form  as  respects  the  variable  y,  but  involving  un- 
known functions  of  a?  as  the  coefficients  of  the  several  powers 
oiy. 

After  the  substitution  of  this  form  of /it  in  the  partial  differ- 
ential equation  (1 ) ,  the  result  is  arranged  according  to  the  powers 
of  t/j  and  the  coefficients  of  those  powers  separately  equated  to 
0.  This  gives  a  series  of  simultaneous  differential  equations 
for  the  determination  of  the  unknown  functions  of  a?.  But  for 
the  success  of  the  method  it  is  necessary  that  the  primary 
assumption  for  fi  should  have  been  chosen  with  some  special 
fitness  to  the  object  proposed.     The  following  is  an  example. 

Required  the  conditions  under  which  the  equation 

Pydx  +  {y+Q)dy^O 
admits  of  being  made  integrable  by  a  factor  of  the  form 


y'  +  Ey'  +  Sy' 

P,  Q,  E  and  8  being  functions  of  x. 

In  the  partial  differential  equation  (1),  making 

1 


M 


-Ey.  N^y^-Q,  ^^-^^r^^^^ 
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clearing  the  result  of  fractions  and  arranging  it  according  to 
the  powers  of  y,  we  have 

Whence,  equating  separately  to  0  the  coefficients  of  the  dif- 
ferent powers  of  y,  we  have  the  ternary  system 

^'+a|-S=<' w. 

^*^^S-«S-S-« w. 

«f-«S-» m- 

The  last  equation  gives  S  =  cQ,  c  being  an  arbitrary  constant; 
Substituting  this  value  of  S  in  the  equation  obtained  by 
eliminating  Pfrom  the  first  two  equations  of  the  system,  we 
find 

or,  regarding  therein  R  as  the  independent  and  Q  as  the  de- 
pendent variable, 

a  linear  equation  of  which  the  solution  is 

Hence  we  have 

and  from  the  substitution  of  the  value  of  Q  in  the  first  equa- 
tion of  the  ternary  system. 
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These  values  of  S,  Q,  and  P,  in  which  B  is  arbitrary,  re- 
duce the  given  differential  equation  to  the  form 

[B'-c  +  c'  {R''2cy  +  i/}  dy-dy  {R -  2c) dR  ='0...(32), 

and  present  its  integrating  factor  in  the  form 

1  

y'  +  Rf  +  {c (i?-c)  +  cc'  {R'-2cy}y' 

It  being  an  arbitrary  function  of  x. 

For  other  examples  the  student  is  referred  to  Lacroix 
(Traite  du  Calcul  Diff,  et  du  Calcul  Int.  Vol.  ii.  Chap.  rv.). 
The  results  of  this  method  are  usually  of  a  very  complex 
character,  while  their  generality  is  limited  by  the  restrictions 
which  must  be  imposed  in  order  to  render  the  system  of 
reducing  equations  solvable.  Thus  Euler's  equation  above 
considered  is  virtually  only  a  limited  case  of  the  general 
equation  (21).    If  we  assume 

y  +  c  =  5,  R  —  2c==t, 
it  becomes 

(s  +  t)ds  +  cctdt  +  ct  {ids  -  sdt)^ 
which  evidently  falls  under  that  equation. 

[The  Jacobian  theory  of  the  Last  Multiplier,  which  is 
connected  with  the  subject  of  the  present  Chapter,  is  dis- 
cussed in  the  Supplementary  Volume,  Chapter  xxxi.] 

EXERCISES, 

1.  The  following  equations  admit  of  integrating  factors 
of  the  form  ^  (ic),  viz. 

(1)  (x''+y''+2x)dx  +  2ydy  =  0. 

(2)  (x*  +  y')dx-2xydy==0. 

Determine  these  factors  and  integrate  the  equations. 

2.  The  equation  2xydx+(y^^2a^dy  =  0  has  an  inte- 
•grating  factor  which  _is  xi  function  of  y.  Determine  it,  and 
integrate  the  equation, " 
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3.  Find  those  integrating  factors  of  the  equation 

ydx  -f-  (21/  —  a?)  dy  =  0 

which  are  homogeneous  functions  of  x  and  y  of  the  respective 
degrees  Q  and  —  2,  and  from  the  consideration  of  those  factors 
deduce  the  complete  primitive  of  the  equation, 

4.  For  each  of  the  following  equations  examine  whether 
there  exists  an  integrating  factor  fi  satisfying  the  particular 
condition  specified,  and  if  so  determine  the  factor,  and  inte- 
grate the  equation, 

(1)  y  (pi?  +  i/)  dos  +  x  (xdy  —  ydx)  =  0,  fi  b,  homogeneous 
function  of  the  degi'ee  —  3. 


{j/^  +  axy^)  dy  "  ay^dx  +  (x  +  y)  (xdy -- ydx)  =  0,  fi  as 
in  the  previous  example. 

(3)  (2/^^)dy  +  ydx  —  a:t?  f  -  j  =  0,  jul  homogeneous  of  the 
degi'ee  —  1. 

(4)  {oi?+y^  +  1)  dx  —  2xydy  =  0,  /x  a  function  of  y*  —  ic*. 

(5)  (y-Sxy- 2x^)  da?  +  (2y»  +  3»y  -x)  dy  =  0,  fi  b,  func- 
tion of  a?  +  y. 

(6)  (^+a;*y-f  2xy-f-y^)dx+(f+xy^+2xy-x^'-'a?)dy=0, 
fi  a  function  of  the  product  (1  +x)  {1+y). 

(7)  (3y'  -x)  dx+  (2y*  -  6xy)  dy  =  0,  fi  a  function  of 
x  +  f. 

5.  The  equation  y  (x^  +  }/")  dx  +  x  (xdy  —  ydx)  =  0  has  an 
integrating  factor  of  the  form  €*</)(aj'4-y').  Determine  it,  and, 
from  the  comparison  of  the  result  with  that  of  (1)  Ex.  4, 
deduce  the  complete  primitive. 

6,  The  linear  equation  -^  +  Py  =  Q  having  an  integrating 

factor  of  the  form  e-^^^',  deduce  a  corresponding  expression 
for  an  integrating  factor  of  the  equation 


•v^i-^r^  P  M  ^nj  f.x-:ictli-a  of  jf,  has  an  zLsegrashu^  £fcai»K-  of  the 
K    \j^A\c:f-  A  similar  expressioa  fijr  aa  integratizig  &ctor 

&.    Ir*7<&:?%tlgat>5f  the  cooditions  Tinder  whieK  the  equation 

dx     y      ^ 
whf'.rh  V  AfA  Q  are  functions  of  2v  can  be  made  int^rable 
J/y  a  fa/j?t//r  of  the  form  7 ^.  ,.,,  and  detennine  the  form 
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CHAPTER   VI. 

OF  SOME  REMARKABLE  EQUATIONS  OP  THE  FIRST  ORDER 

AND  DEGREE. 

1.  There  are  certain  diflferential  equations  of  the  first 
order  and  degree,  to  which,  in  addition  to  their  intrinsic  claims 
upon  our  notice,  some  degree  of  historical  interest  belongs. 
Among  such,  a  prominent  place  is  due  to  two  equations 
which,  having  been  first  discussed  by  the  Italian  mathema- 
tician Kiccati  and  by  Eulet  respectively,  have  from  this 
circumstance  derived  their  names.  To  these  equations,  and  to 
some  other  allied  forms,  the  present  Chapter  will  be  devoted. 

Biccati's  equation  is  usually  expressed  in  the  form 

^  +  bu'^cx'^ (1). 

But  as  both  it  and  some  other  equations  closely  related  to 
it  and  possessing  a  distinct  interest,  may,  either  immediately 
or  after  a  slight  reduction,  be  referred  to  the  more  general 
equation  • 

^^-ay  +  bf^^coT I (2), 

the  discussion  of  which  happens  to  be  much  more  easy  than 
that  of  the  special  equations  which  are  included  under  it,  we 
shall  consider  this  equation  first. 

To  reduce  Biccati's  equation  under  the  general  form  (2), 
it  suffices  to  assume  w  =  - .  We  find,  as  the  result  of  this 
substitution  in  (1), 

^^-y  +  iy'  =  «B«^ (^)' 

which  is  seen  tb  be  a  particular  case  of  (2). 
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Of  the  equc^on  ic-~  —  ay  +  ht^  =  cx\ 

lie  discusBion  upon  which  we  are  entering  may  he 
into  two  parts.  First,  we  shall  shew  that  the  equa- 
iolvable  when  n  =  2a.  Secondly,  we  shall  establish 
of  transformations  by  which  a  corresponding  series  of 
ises  may  he  reduced  to  the  above. 

'irst.  The  equation  x^  —  ay+bi^  =  c3^  is  solvable 
=  2a. 

Msuming  y  =  aTv,  we  find  on  substitution 

ax 
,  dividing  by  a:"",  we  have 

ax 
n=2a  the  above  becomes 


ation  in  which  the  variables  are  separated.     If  vie 
to  V  its  value  ^  and  transpose,  this  becomes 

-1^^^'^'^-" (♦)■ 
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an  exact  differential  equation,  of  which  the  solution  will  be 

_fc\i  gCe    <^     +1 

according  as  h  and  c  have  like  or  have  unlike  signs. 

4.  Secondly.    The  solution  of  the  equation 

a> -£- ay +  hy^  ^cx"" 

is  always  reducible  by  transformation  to  the  preceding  case 

,  71  +  2a      . 

whenever  — = —  =  *,  a  positive  integer. 

For  let  y=^A-\ — ,  y^  being  a  new  variable  which  is  to 

replace  y^  and  A  a  constant  whose  value  is  yet  to  be  deter- 
mined. On  substitution  and  arrangement  of  the  terms  we 
have 

-a-d[  +  6^'  +  (n-a  +  2M)-  +  6^-^'§^  =  c^«...(5). 

Vi       Vi       Vi   dx  ^ 

Now  let  —  a4  +  IAl  =  0,  then  J.  =  -y  or  0.     These  values 
of  A  we  shall  employ  in  succession, 

^_  • 

5.  First.     If  we  assume  ■4=r  the  above  equation  becomes 


(w  +  a)  — +  6^-^  :j^=ca3". 
Vx       Vi       Vx    dx 


Multiplying  this  equation  by  '^  and  transposing,  we  have 

X 

x^-(a  +  n)y,  +  cy,'  =  hx\.., (6). 
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Now  this  equation  is  of  the  same/orwi  as  the  given  equation 
between  y  and  x.  The  coefficients  however  differ,  in  that  b 
and  c  have  changed  their  places,  and  a  has  become  a  +  n. 
And  this  transformation  has  been  effected  by  the  assumption 

a     aj" 

Hence,  if  in  the  transformed  equation  (6)  we  make  a  second 
assumption 

a-¥n     0?* 

we  shall  have  as  the  result 

a:J«-(a  +  2n)y.  +  6y.*  =  ar- (7), 

6  and  c  again  changing  places,  and  a  +  n  becoming  a  +  2n. 
And  the  result  of  i  successive  transformations  of  the  same 
series  will  be  to  reduce  the  given  equation  either  to  the 
form 

ic^*-(a  +  m)y,  +  cy^  =  6x" (8), 

or  to  the  form 

x^-{a^in)y,  +  hyf^cx- (^)' 

according  as  the  integer  i  is  odd  or  even. 

Now  by  what  has  been  established  in  Art.  3  the  above 
equations  wUl  be  integrable  if  we  have 

w  =  2  (a  +  in), 

an  equation  which  gives 

n  —  2a     .  r-  -.V 

-^r-=* • (^^> 

6.    Secondly.    If  we  assign  to  A  its  second  value  0,  (5) 
becomes 

Vx       Vi       Vi    dx 


k 
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Or,  multiplying  by  y^  -d  transposing. 

x^-{n-a)y,  +  cy,'  =  hx' (11). 

Now  this  equation  for  y^  differs  from  the  equation  (6)  ob- 
tained for  7/^  in  the  previous  series  of  transformations  only  in 
that  a  in  the  coefficient  of  the  second  term  has  become  —  a. 
With  this  change  only  then  that  series  of  transformations 
may  be  adopted  in  the  present  instance.  The  change  of  a 
into  —  a  in  the  final  condition  (10)  gives 

as  a  new  condition  under  which  the  e'quation  in  y  is  solvable. 
If  i=  1  this  gives  n  =  2a,  the  condition  first  arrived  at,  and 
upon  which  the  subsequent  researches  were  based. 

Collecting  these  results  together  we  see  that  the  equation 

x-~'-ay-\-hy^=^  cx^  is  integrable  whenever  — ~ —  is  a  positive 

integer, 

7.    Let  us  now  examine  the  form  in  which  the  solution  is 
presented. 

If  — TT —  =  i,  which  is  the  condition  arrived  at  in  Art.  5, 

271 

we  have  the  series  of  transformations 

a  ,  af^ 

a  +  w  .  oj* 

n 


and  finally 


a +271  .  «?' 


_a+{t  —  l)n  ,  x' 
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where  A;  =  i  or  c,  according  as  i  is  odd  or  even;  and  the  effect 
of  these  transformations  is  to  reduce  the  given  equation  to 
one  or  the  other  of  the  forms  (8)  and  (9). 

If  in  the  above  expression  for  y  we  substitute  for  y^  its 
value  in  terms  of  y^,  in  that  result  again,  for  y,  its  value  in 
terms  of  ^j,  and  so  on,  we  find 

a  .     a?* 


+ 


—T-  i^h 


the  last  denominator  being ^ 1 — .    The  value  of 

.  ^* 
y,  must  then  be  determined  by  the  solutioii  of  (8)  or  of  (9), 

these  equations  being  now  susceptible  of  expression  as  exact 

differential  equations  in  the  forms 

— — ^i — r-^ +x'^'^^dx=^0 (B), 

cy^—bx* 

When  therefore  —^ —  =  i  a  positive  integer,  the  solution  of  the 

equation  a?  -^  —  ay  +  Jy'  =  ex**  will  he  expressed  in  the  form  of 

a  continued  frcbcUon  by  (A),  the  value  of  y^  in  the  last  denomi^ 
nator  being  given  by  the  solution  of  the  exact  differential  equa^ 
tion  (B)  or  (C)  according  asiis  odd  or  even. 

n  +  2ci 
Secondly,  if  — ^ —  =  i,  which  is  the  condition  arrived  at  in 

Art  6,  we  have  the  series  of  transformations 


a;* 


^=^2^ 


w  — a  .  «* 


yi  =  —  + 
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y..=^^+;^ (12), 

where  fc  =  5  or  c,  according  as  i  is  odd  or  even.  From  these, 
eliminating,  as  before,  the  intermediate  variables  y^,  y8,...y<.i, 
we  find 

^  or 

w  —  «  ,      a?* 

c        2n  —  a         a;* 

~T~ ^  ^' 

the  last  denominator  beiner  ^^ 4 ! —  -    In  this  case, 

*  3^*     .  . 

however,  the  equation  for  y^  formed  by  changing  a  into  —  a 

in  B  and  G  will  be  v  ' 

^'    4'-^>a»"    +  ^-d«r  =  0..., (E). 


^^    ?!Z%ii:^^z:^)|^!:r::^+^-^x^=o (F), 

according  as  «  is  odd  or  even. 

When  therefore  —^ —  =  i  a  positive  integer,  the  solution  of 

a^  j^  ^  ay  +  11/^  =  caf^  is  eospressed  by  (D),  the  value  ofy^  in  the 

last  denominator  being  given  by  the  exact  differential  equation 
(E)  or  (F)  according  asiis  odd  or  even. 

Ex.     Given  w-^  —  y  +  y^  =  x\ 

B.  D.  E,  7 
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Heren  =  f,  a  =  l,  and  as -^^  =  2  while -^^^^ i, 

the  formulae   (D)  and  (F)  must  be  employed.    Assuming 
thereina  =  l,  6  =  1,  c  =  l,  n  =  §,  t  =  2,  we  have 


2^. 


(IS), 


«  being  given  by  the  exact  differential  equation 

x^dy,- jy^-^dx  ^  ^.j'^^ _ f, (14)^ 


y,*-«* 


from  which  we  find 

ilog(y^^  +  Sx^=^C (15). 

The  elimination  of  y^  between  (13)  and  (15)  gives 

•3y^^-3a.8-y^g^t^^ (16), 

Syx^  +Sx^  +  y 

which  is  the  complete  primitive. 

Ex.2.     Given  ^  +  u^^x^^. 

ax 

This  is  an  example  of  Eiccati's  equation.   Assuming  there- 
fore i^  =  - ,  we  find  ic  ;^  —  j/  +  ^  =  a?',  which  is  identical  with 

the  equation  last  considered.     Substituting  therefore  in  (16) 
ux  for  y,  we  find  after  reduction 

3«^-3-t^i     g^i ^  ^ (17). 

5ux^  +  3  +ux^ 
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General  Observations. 

8.    The  connexion  between  the  two  conditions  for  the 
solution  of  the  equation  x--^  —  ay -hby^^ cx\  implied  by  the 

double  sign  in  the  equation  — = —  =  i,  may  otherwise  be 
established  as  follows. 

If  the  differential  Equation  be  written  in  the  form 

dy 


-£^h{y-i)=c.'^ (!«)' 


it  becomes  evident  that  it  is  symmetrical  with  respect  to 
y  and  y  —  r*    Assume  then  y  ~  t  as  a  new  variable  in  place 

of  y,  and  writing y  —  T=^y\  ^  =  y'  +  r ,  the  equation  becomes 


d^ 

dx 


+  h{y'  +  ^y'  =  cx^ (1^>' 

or  a^%'\'ay'  +  by''  =  cx'' (20), 

an  equation  which  differs  from  the  given  equation  only  in  that 

y  has  become  y,  and  a  has  changed  its  sign.     Hence  the 

—  2a  2a 

conditions  n  =  ^.^  -  and  n  =  a-^^  ^^e  mutually  dependent, 

and  the  value  of  y  having  been  obtained  for  the  former  case, 
its  vaJue  in  the  latter  will  be  found  by  changing  therein  a 

into  —  a,  and  finally  adding  j- . 

It  is  here  also  to  be  noted  that  instead  of  beginning  with 


a?~ 


an  assumption  of  the  form  v  =  ^  H —  bsid.  Art.  4,  we  might 


a?" 


have  commenced  our  reductions  by  the  assumption  y  =  y^ , 

J  \     ^     ^     B  +  y^' 

the  former  of  the  above  being  proper  for  increasing  by  n,  the 

7—2 
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latter  for  diminishing  by  n  the  quantity  a.  And  as  the  first 
led  directly  to  the  solution  (A),  so  Would  the  second  have  led 
directly  to  the  solution  (D), 

Lastly,  it  may  be  remarked  that  each  of  the  above  assump- 
tions is  only  the  inverse  of  the  other.  To  increase  the  value 
of  a  by  n  we  had  to  employ  the  assumption 

A  ^ 


which  gives 


«• 


and  this  indicates  the  form  of  the  assumption  for  the  case  in 
which  a  is  to  be  diminished.  Hence  also  by  admitting  nega- 
tive as  well  as  positive  values  of  i,  the  two  forms  of  solution 
might  be  replaced  by  a  single  one. 

9.     We  have  seen  in  Art.  1  that  Eiccati's  equation 

ax 
is  reduced  by  the  assumption  w  =  2  to  the  form 

« 

Hence  the  condition  for  the  solution  of  Riccatrs  equation, 
found  by  substituting  in  the  final  theorem  of  Art.  6,  1  for  a 
and  w  +  2  for  n,  will  be 

w4-2±2_  . 
2m  +  4   "*' 

whence 

^  =  -2  +  2^ (^^)' 

i  being  a  positive  integer. 


'^■'gwwwp^p^^^g»p^g^™»»www^^wi^l^a»wMgMWBgg!^gpg 


isbsmmiaama^mi 
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We  may  give  to  the  expression  for  m  another  form,  viz- 

m  =  Q.        ,  i  admitting  of  the  value  0  together  with  positive 

integral  values.  In  order  to  prove  this,  let  it  be  observed 
that  two  values  of  m  included  in  (21)  are 

If  in  the  second  of  these  values  we  change  »  —  1  into  i,  and 
therefore  i  into  i  +  1,  a  change  which  merely  involves  that 
we  interpret  t  as  admitting  of  the  value  0  as  well  as  of  posi- 
tive integral  values,  we  find 

"»=2tIi (22> 

When  i  =  0  this  gives  m  =  0,  and  as  this  value  also  results 
from  the  first  of  the  expressions  for  m  on  making  t  =  0,  we  are 
permitted  in  that  formula  also  to  regard  i  as  admitting  of  the 
same  range  of  values.  Hence,  combining  the  two  formulas  in 
a  single  expression,  we  have 

-=2t|i (23). 

I  being  0,  or  a  positive  integer. 

10.  Riccati's  equation  may  also  be  reduced,  and  it  usually 
has  been  reduced,  by  a  series  of  double  transformations,  of 
which  the  following  wiU  serve  as  an  example. 

The  equation  being  j-  +  6m'  =  coTy  let  w  =  ^  +  -j— . 


We  have 

du_      1        2          1    du^ 
dx"     ha?     x^u^     a?u^  dx  ' 

6u«-  -^1^1* 
ha?     a?u^     x*u^  ' 
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Substituting  these  values  in  the  given  equation,  we  have 

b  1    du. 


-T-'^cx\ 


x%^     x^u*  dx 
"Whence, 

a^^i  +  c^«^^«     6  =  0. 
dx  * 

1 
In  this  equation  assume  x  =  2"*^^,  then 

dx      dz  dx     ^  dz  ' 

whence,  after  substitution  and  reduction, 


du 


m+4 


an  equation  differing  from  the  given  equation,  as  to  its  coeflS- 

/J 
cients  and  indices,  in  that  h  has  been  converted  into j: ,  c 

into  - — -^i ,  and  m  into ^r ;  but  which  is  still  of  Riccati's 

m+3'  m  +  3' 

form.     The  transformation,  it  will  be  observed,  is  a  double 

one,  as  it  affects  the  independent  as  well  as  the  dependent 

variable. 

Now  if  m  be  of  the  form  a\zi >  ^^  ^^^  ^^  substitution 
and  reduction 

m  +  4  __  —  4  (i  —  1) 

Hence,  a  second  double  transformation  of  the  same  nature  as  the 
last  will  reduce  the  differential  equation  to  a  form  in  which  the 

index  in  the  second  member  will  become  —  g, . .     ^s — =  .  And 

2  (t  —  2)  —  1 

thus  after  a  series  of  i  transformations  the  index  is  reduced 
to  0,  and  the  equation  .becomes  solvable  by  separation  of  the 
variables. 
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To  establish  another  condition  of  solution,  assume  in  the 

1  -i- 

given  equation  t*  =  -,  0?  =  2"*^\  then,  after  substitution  and 

if 

reduction,  we  have 


dz     m  +  1^      wi  +  1 


> 


which,  by  what  has  preceded,  will  be  solvable  if  we  have 

m    _        4i 
"m+l"'""2r=T'  - 

whence,  m  =  —  ^77 — 7  . 

2i  + 1 

Combining  these  results  it  appears  that  Riccati's  equation  is 

integrable  if  m  =  ^. — =  ,  %  being  0  or  a  positive  integer.    This 

agrees  with  (23). 

It  is  manifest  from  the  complexity  both  of  the  transforma- 
tions above  described  and  of  the  results  to  which  they  lead, 
that  Riccati's  equation  is,  in  its  actual  form,  far  less  adapted 
for  such  transformations  than  the  equation 

to  which  it  is  so  easily  reduced. 

11.     Riccati's  equation  becomes  linear  on  assuming 

^   \  dv) 
Iw  dx  * 

The  transformed  equation  is 

g-6ca^«;  =  0 (25). 

We  shall  consider  it  under  this  form  in  a  subsequent  Chapter. 
[See  Exercise  3  of  Chapter  xvii.] 
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To  Riccati's  equation  some  others  of  greater  generality  may 
be  reduced  by  a  change  of  variables,  e.g.  the  equation 

^  +  fta;-tt"  =  caf* (26), 

by  assuming  a^** « t 


Euler's  Equation. 

It  has  already  appeared  that  the  solution  of  a  differen- 
tial equation  may  sometimes  be  freed  from  transcendents 
introduced  by  integration.  An  example  of  this  has  been 
afforded  in  the  instance  of  the  equation 

V(l-a^)  +  V(i-3^)      '    . 

(Chap.  II.),  the  solution  of  which  is  capable  of  being  exhibited 
in  an  algebraic  form,  although  immediate  integration  intro- 
duces the  transcendental  functions  sin"*a?,  sin"*y.  The  inquiry 
is  here  suggested  whether  in  any  other  cases  the  direct  inte- 
gration may  be  evaded,  an  inquiry  the  more  important  as  our 
means  of  integration  are  so  limited.  Euler  succeeded  in  ob- 
taining without  direct  integration  the  solution  of  the  equation 

dx  .  dj/  _ 


j^(a  +  bx  +'ca;*  +  ea?"  +  /a?*)      V  (»  +  &y  +  c/  +  ^  +  fy*) 

and  of  some  related  forms.  The  result  belongs  to  the  theory 
of  the  elliptic  functions,  and  may  be  established  independently 
by  the  methods  which  more  peculiarly  pertain  to  that  theory. 
But  the  method  by  which  Euler  arrived  at  that  result  demands 
notice  here. 

12.     To  integrate  the  equation 

dx     .                                 dy                     ^ 
V(a+Zw+cvc^+ex»+>*)  '^ ^/{a+by+cy'+et/''^fy*)^    ^^^■ 

Representing  the  polynomials  a  +  hx  +  ca?  +  ea?  +fx\  and 
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a  +  Jy  +  cy*  +  ex^  +/y*  by  X  and  Y  respectively,  we  have  to 
integrate 

^^     .     ^.y     _ft  /9^ 

V(X)"*"V(F)""" ^^^- 

The  ordinary  solution  of  this  equation  in  the  sense  of  Art.  5, 
Chap.  I.  would  be 

[   dx        t  dy    _p 

but  it  is  our  present  object  to  obtain  an  algebraical  relation 
between  x  and  y  without  performing  the  integrations  above 
implied. 


Also  let  a;  +y =^,  a;  —  y  =  J.  We  shall  endeavour  to  form  a 
differential  equation  in  which  p  and  q  are  dependent  variables, 
and  t  the  independent  variable. 

From  (3)  we  have 

|  =  V(X)-v'(F) '. (4). 

g=vw+v(r) (5), 

therefore  ^§  =  Z-r 
at  at 

=  Jg- +  cpj  +  i  ej  (3p»  +  jO  +  i^j  (p*  +  5») .. .  (6), 
since  the  transformations  x+y=p,  x  —  y^q  give 
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a:*-V*=Ca^-3'')(^  +  j')=i>?(^J-^'). 
Again,  from  {3}  we  have 

de  dt  di     dx         2dx' 

df  "2dy' 

by  addition 
'_l(dX    dY\ 
2[dx'^  di/) 

^b  +  cp  +  leif  +  q')  +  lfpip'  +  3^ (7), 

ting  the  differentiationB  and  transforming  as  before 
ind  y  to  ^  and  q. 

plying  (7)  by  5,  and  from  the  result  subtracting  (6), 

.'-£^ 


'  df     dt  di      2  *J^ 


^(e  +  2*). 

fdf      q-  dldt~'^^'^- 
altiplyiDg  both  sides  by  -^ , 

di  df     fdpV       dt      .    ,  o , ,  dp  ,„, 

hich,  each  member  being  an  exact  differential,  we 
L  integration 

:  an  arbitrary  constant. 
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Hence  ^  =  j^C  C+ep  -^fp^). 

Therefore  by  (4) 

V{X)  -^{Y)  =  {x-y)^{G  +  e(x  +  y)  +f(x  +  yf] . .  .(9). 
the  integral  required. 

The  student  may  apply  the  same  process  of  transformation 
and  reduction  to  the  equation 

dx       dy 


»J{a  -k-bx-^-  ex""  +  ex^  H-/a;*)     V(^  +  &j^  +  of  4-  ef  +fy*) 

=  0 (10). 

The  resulting  integral  will  be 

^{X)-^J{Y)^(:c^y)^[C  +  e(x-^y)^f{w+yy]...{U), 

13.  It  will  probably  appear  that  there  is  something  arbi- 
trary in  the  mode  in  which,  in  the  above  investigation,  the 
final  differential  equation  (8)  between^,  q,  and  i,  upon  which 
the  solution  of  the  problem  depends,  is  formed.  The  analysis 
which  is  subjoined  may  throw  some  light  upon  its  real  nature, 
and  shew  of  what  general  theorem  that  equation  constitutes 
an  expression. 

Prop.  Whatever  may  be  the  form  of  the  function  0  {x), 
the  following  theorem  of  development  holds  good,  viz. 

4, 0/)  -<l>{x)=  A,  {<!>'  (y)  +  4>'  ix)}  {y-x) 

+  A,W"{y)+rip)]{y-o=y 
■  +^,{^'(y)  +  ^^(a>)}(y-a;)»  +  &c....(12), 

wherein  A^,  J.g,  A^^  &c.  are  the  coefficients  of  the  successive 
powers  of  x,  in  the  development  of  the  function  - —  in  a 
series  of  the  form 

A^x-^-  A^x^  -I-  A^x^  +  &c. 
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For  let  y  =  x  +  h,  then,  employing  a  well-known  symbolical 
form  of  Taylor's  theorem, 


dz        "I         ^  <f 


(€    -*+l)^(x) 


—  U(aj  +  A)  +  </>(a?)l 
+  1  ^  ^ 


(13), 

where  -4^,  -4g,  &c.  have  the  series  of  values  above  described. 
Hence,  performing  the  dififerentiations  and  replacing  x  +  h 
by  y,  and  A  by  y  —  aj,  we  have 

>  (y)  -  «^  (^)  =  ^x  {f  (y) + <t>'  i^)}  iy-o=) 

+  A,  {f "  (2^)  =  f  "(x)}  (y  -  a;)'  +  &c..  ..(U). 

which  is  the  proposition  in  question. 

The  values  of  J.j,  -4g,  -4^,  &c.  may  be  expressed  by  means 
of  Bernoulli's  numoers,  but  they  may  also  be  calculated  very 

€*—  1 

simply  by  developing  the  exponentials  in  the  fraction  — —    , 

'  *!_ 

and  then  expanding  the  fraction  itself  by  division.      We 

readily  find 

A   ^z.       A  " i-       >4—  A  —  ^  /^n 

^i-2>    ^8-     24'      »"■  240 ''""  40320  ' 

When  ^  (x)  is  a  polynomial  of  the  fourth  degree,  we  have 

<f>^  (a?)  =  0,    ^'^  {x)  =  0,  &c., 
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and  the  theorem  is  reduced  to  the  following,  viz.: 

*(y)-*(^)=|{f  (y)  +  f  W}(y-^) 


-i{*'"(y)+r(^)}(y-^r.'....(i5). 


24 

Now  the  differential  equation  (8)  into  whose  origin  we  are 
inquiring  is  merely  a  transformation  of  the  last  theorem. 
We  wiU  on  this  occasion,  and  for  the  sake  of  variety,  ex- 
emplify the  above  remark  in  the  solution  of  the  differential 
equation 

V{<^W}"V{</>(y)} ^   ^' 

in  which 

<f>  {x)^a'{'hx'\-  CQ(?  •\-  ea?  -{-fx^ (17), 

<l>{y)  =  a  +  by  +  cf  +  ey'+fy' (18). 

Representing  either  member  of  (16)  by  dt  and  assuming  t  as 
an  independent  variable,  substitute  the  values  hence  deter- 
mined for  0  (x),  (f>  {x),  <j>"  (a?),  &c.  in  the  theorem  (15).  There 
will  result 


^=vi*W}>i=v{<^<y)}. 


dt    ^^^'-''J"  dt 


Hence        H-)  =  $)\  *^(3')  =  (|)' 

, .  V  _^  /dw\' _dtd  /dx\' 
'^  ^'''~dx\dt)  ~dxdt\dt) 


-^d¥' 


*'(2')  =  2g 


Lastly  from  (17)  and  (18) 

f"  (a;)  =  24/a!  +  6e, 
f "  (y)  =  24.  fy  +  6e, 
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by  which  substitution,  (15)  becomes 

(l)'-(S)'=(S-S)(^-')-(/-^^D(^-')-- 

Or,  transposing 

Now  the  Yeiy  form  of  this  equation  suggests  the  transforma- 
tion x-\-y=pyX  —  y  =  qy  by  which  it  becomes 

2 

whence  multiplying  by  -^  dp  and  integrating 


therefore 


(|)^2'=//  +  ^+0; 


[^^^^^^^J -/ i--^  y? +  e  (a,  ^y)+C... (20), 


the  integral  sought. 


EXERCISES. 


3.  j-  +  vr^cx  ^ 

dx 

ax 
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ax 

6.  Assuming  the  conditions  for  the  solution  of  Riccati's 
equation,  Art.  9,  investigate  those  under  which  the  equation 

-y-  +  hx^v^  =  c^  is  integrable. 
dx  ^ 

7.  Assuming  the  conditions,  Art.  6,  under  which 

is  integrable  in  finite  terms,  investigate  those  under  which  the 
equation 

is  integrable  in  finite  terms, 

8.  Transforming  the  equation  a? -^  —  ay  +  6^  =,C£c**,  by 

assuming  a;*  =  t  an  integrating  factor  may  be  found  by  Art.  6, 
Chap.  V. 

9.  The  equation  ^—  +  6w'  =  ca;**  +  — , ,  more  general  than 

Hiccati's,  is  reducible  to  the  form  a?  -t^  —  a'y  +  %' =  c'a?*,  con- 

y  —  A, 
sidered  in  Art.  3,  by  an  assumption  of  the  form  u  = . 

10.  Hence  investigate  the  conditions  under  which  the 
former  equation  may  be  solved. 

11.  The  same  equation  may  be  reduced  to  Riccati's  form 
by  an  assumption  of  the  form  y  =  Ax^  +  z^  {x),  followed  by 
a  transformation  affecting  only  a?. 
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12.    Integrate  the  equation 

dx dy 


by  the  application  of  the  theorem  of  Art.  13. 

13.    Deduce  from  that  theorem  the  following  expression  for 
the  value  of  a  definite  integral,  viz.: 


(    113    ) 


CHAPTER  VII. 


ON  DIFFERENTIAL  EQUATIONS  OF  THE  FIRST  ORDER,   BUT 

NOT  OF  THE  FIRST  DEGREE. 

1.    REFERRiNa  to  the  general  type  of  differential  equations 
of  the  first  order,  viz.: 


F 


(^'^''S^^' 


we  have  now  to  consider  those  cases  in  which  -^  -  is  so  in- 

dx 

volved  that  the  given  equation  cannot  be  reduced  to  the  form 

already  considered. 

Freed  from  radicals  the  supposed  equation  will,  however;, 
present  itself  in  the  form 

©■-^.(ir-^.(ir— ^-« «• 

where  P^,  P,, ...  P^  are  functions  of  x  and  y. 

An  obvious  preparation  for  the  solution  of  Such  an  equation, 
is  to  resolve  its  first  member,  considered  as  algebraic  with 

respect  to  the  differential  coefficient  -^ ,  into  its  component 

factors  of  the  first  degree.    Ifi>i,  jp,  •••i'n  ^®  *^^  roots  of  (1) 
thus  considered,  we  shall  have 

(S-^.)(l-^^-(l-*.)=» (^)-  ^ 

B.  D.  £.  8 
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Pt'Pt'  —  Pn  Toeing  supposed  to  be  detei-mined  as  known  fnnc- 

tions  of  X  and  y.     And  it  is  now  manifest  that  any  relation 

between  x  and  y  which  makes  either  one  or  more  than  one  of 

the  factors  of  the  first  member  to  vanish,  will  be  a  solution  of 

nation,  and  that  no  relation  between  x  and  y  not  pos- 

;  this  character  will  be  such.     Hence  if  we  solve  the 

te  equations 

|-p,-0,|-...0,...|-...0 (3), 

e  of  the  solutions  obtained  will  be  a  solution  of  (2), 
t  will  make  one  of  its  factors  to  vanish.  And  if  we 
j  the  different  solutions  thus  obtained,  each  with  its 
ry  constant  annexed,  in  the  forms 

F;-0,  =  0,   r,-C,  =  0,  ...  P".-(7,  =  0, 

oduct  of  two  or  more  of  these  equations  will  also  be  a 
n  of  (2),  since  it  will  cause  two  or  more  of  its  factors  to 


Qiven  the  differential  equation 

(D'-»V-o , W. 

ha  pompODent  equations  are 

sir  respective  solutions  are 

logy  — (M!  — Cj  =  0  , (5), 

logy+aa;-c,  =  0  (6). 

of  these  equations  is  a  solution  of  the  given  equation, 
is  their  product 

(logy-(M!-c,)(logy  +  (ia;-c,)=0 (7). 
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2.  And  here  two  important  questions  are  suggested  First, 
how  is  it  that  two  arbitrary  constants  present  themselves  in 
the  solution  of  an  equation  of  the  first  order  ?  Secondly,  is  it 
possible  to  express  with  equal  generality  the  solution  of  the 
equation  by  a  primitive  containing  a  single  arbitrary  constant 
in  accordance  with  what  has  been  said  of  the  genesis  of 
differential  equations  of  the  first  order,  Chap.  i.  Art.  6? 
These  are  connected  questions,  and  they  will  be  answered 
together. 

The  equation  (7)  implies  that  y  admits  of  two  values  each 
involving  an  arbitrary  constant,  but  it  does  not  imply  that  y 
admits  of  a  value  involving  two  arbitrary  constants.  The 
component  factors  of  the  solution  separately  equated  to  0,  as 
in  (5)  and  (6),  give  respectively 

y=  (7,6-  y=  C^e-"* (8). 

each  of  which  involves  one  arbitrary  constant  only,  and  each 
of  which  corresponds  to  a  single  factor  of  the  given  differential 
equation.  The  true  canon  is,  not  that  a  general  solution  of 
an  equation  of  the  first  order  can  involve  only  one  arbitrary 
constant  in  its  expression,  but  that  each  value  of  y  which 
such  a  solution  establishes  involves  in  its  expression  only  a 
single  arbitrary  constant. 

At  the  same  time  there  is  a  real  sense  in  which  it  remains 
true  that  every  differential  equation  of  the  first  order,  what- 
ever its  degree  may  be,  implies  the  existence  of  a  complete 
primitive  involving  a  single  arbitrary  constant,  and  there  is  a 
real  sense  in  which  such  primitive  constitutes  the  general 
solution  of  the  differential  equation.  To  reconcile  these  seem- 
ing contradictions!  shall  shew  that  if  we  suppose  the  arbi- 
trary constants  c^  and  c^  in  (7)  identical,  and  accordingly 
replace  each  of  them  by  c,  we  shall  have  an  equation  which 
will  be,  first  the  true  primitive  of  (4),  in  that  it  will  generate 
that  equation  by  differentiation  and  the  elimination  of  c, 
secondly  its  general  solution,  in  that  no  particular  relation  is 
deducible  from  the  solution  (7)  involving  two  arbitrary  con- 
stants which  may  not  also,  by  the  use  of  a  lawful  freedom  of 
interpretation,  be  derived  from  it. 

8—2 
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Thus  replacing  c^  and  c,  by  c,  we  have 

(logy  — aa;  — c)  (logy  +  cwc  — c)  =  0 (9), 

whence     (log  yf  -  aV  —  2c  log  y  +  c*  =  0. 

Differentiating,  and*  representing  -^  by  py 

t 

whence  c  = ~  +  log  y. 

J) 

Substituting  this  value  in  (9),  we  have 

which  reduces  to 

aV  (ay  -p^  =  0. 

Or,  rejecting  the  factor  aV  which  does  not  contain  p,  and 

replacing^  by  ^, 


0'-»y=«. 


the  differential  equation  given.  Thus  (9)  is  its  complete 
primitive. 

Again,  that  solution  is  general.    The  two  relations  between 
y  and  x  which  it  furnishes  are 

y=  Ce^,  y=  Ce^^^... (10), 

and  these  differ  in  expression  from  (8)  only  in  that  the  arbi- 
trary constant  is  here  supposed  to  be  the  same  in  one  as  in 
the  other,  but  as  it  is  arbitrary  and  admits  of  any  value,  there 
is  no  single  relation  implied  in  (8)  which  is  not  also  implied 
in  (10).  And  it  is  in  this  sense  that  the  generaHty  of  the 
solution  is  affirmed. 

[See  the  Supplementary  Volume,  Chapter  xx.  Art.  1.] 
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3.  These  illustrations  will  prepare  the  way  for  the  de- 
monstration of  the  general  theorem  which  they  exemplify. 

Theorem.  If  the  differential  equation  of  the  first  order  and 
n^  degree  he  resolved  into  its  component  equations 

dx    ^^       '  dx     ^^       '      dx     ^*       ' 

and  if  the  complete  primitives  of  these  equations  are  V^^c^> 
T^  =  c,, ...  l^  =  c„,  then  the  complete  primitive  of  the  given 
equation  vnll  he 

(F,-c)(F,-c)...(F,-c)  =  0. 

Let  us  first  examine  the  case  in  which  the  proposed  diffe- 
rential equation  is  of  the  second  degree,  and  therefore  express- 
ible in  the  form  l-^  — pj  (;/   '~i'2)  =  ^*     Suppose  that  the 

dv 
integral  F^  =  Cj  is  derived  from  the  equation-/  —  i?i  =  0  by 

means  of  an  integrating  factor  /i^.   Then  dV^  =  fiA-?-  —p^ )  dx. 

In  like  manner  we  shall  have  dV^  =  iiA-^  —pA  dx.  Now 
taking  the  equation 

(F;_c)(7,-c)  =  0 (11) 

as  a  primitive,  we  hare,  on  dififerentiating  with  respect  to  x 
andy, 

(r,-c)(fF,+(F.-c)dr,=o (12). 

Therefore  c=^     dv\  +  dVr^ 

whence  V,-c=    ^y^^^y/. 
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Substituting  these  values  in  (11),  we  have 

(F,  -  tgVF.^n  =  0 (13), 

which  gives    (F.  -  FJV^.  (g-i'.)  (I -P.)  =  0 ...  (14). 

And  this,  on  rejecting  the  factor  (Fj  —  V^^M'iff^^  which  does 
not  contain  any  differential  coefficients,  becomes  identical  with 
the  given  differential  equation.  Hence  (F^  —  c)  (  F^  —  c)  =  0 
is  the  complete  primitive  of  that  equation. 

To  generalize  this  particular  demoiistration  it  would  be 
necessary  to  eliminate  c  between  the  equation 

(F,_c)(F,-c),..(F.-c)  =  0 (15), 

and  the  equation  thence  derived  by  differentiatiqp.  with  re- 
spect to  X  and  y.  The  ordinary  process  of  elimination,  as 
exemplified  above  in  the  particular  case  in  which  w=  2,  would 
be  complex,  but  the  result  may  be  determined  without  dif- 
ficulty by  logical  considerations.  It  will  suffice  for  this  pur- 
pose to  consider  the  case  in  which  n  =  3. 

We  have  then  as  the  supposed  primitive 

(F,_e)(F.-c)(F.-c)  =  0  (16). 

and  as  the  derived  equation 

(F.-.)(r.-.,f^4f|) 


+  (''.-«)(''.-)(5^SI) 


+  (n-o)(r.-c)(§  +  f.|)=0 (17). 

Now  (16)  implies  that  some  one  at  least  of  the  equations 
F,-c  =  0,    F,-c  =  0,    F3-c  =  0, 
is  satisfied. 
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Kthe  first  of  these  equations  is  satisfied  we  have  €^V[p 
and  substituting  this  value  in  (17)  there  results 

(F.-  FJ  {V,-V,)dV,  =  0 (18). 

If  the  second  equation  of  the  system  is  satisfied  we  have 
in  Uke  manner 

(F,-T.)(F.-F^rfr.  =  0 (19). 

If  the  third  equation  of  the  system  is  satisfied  we  have 

(^.-^F.)(F.-F,)(fF.=.0 (20). 

Hence  the  existence  of  (16)  as  primitive  supposes  the  exist- 
ence of  some  one  at  least  of  the  equations  (18),  (19),  (20),  and 
therefore  of  the  equation 

(V,-  V^*(V,-  V,nV,-  V;}'dKdV,dV,  =  0 (21), 

which  is  formed  by  multiplying  those  equations  together. 

Conversely  the  supposition  that  the  equation  (21)  is  true, 
involves  the  supposition  that  one  at  least  of  the  equations 
(18),  (19),  (20)  is  true. 

The  equation  (21)  is  therefore  equivalent  to  the  result  which 
ordinary  elimination  applied  to  (16)  and  (17)  would  give. 
The  same  process  of  reasoning  applied  to  the  more  general 
equation  (15)  as  supposed  primitive,  would  lead  to  a  result 
of  the  form 

KdV^dV^...dV^  =  0  (22), 

K  being  the  product  of  the  squares  of  the  di£ferences  of 
V    V        V 

On  comparison  with  (13)  we  see  that  in  the  particular  case 
of  n  =«  2^  i^s  is  not  only  equivalent  to  but  identical  with  the 
result  of  ordinaiy  elimination  in  that  case.  And  this  identity 
of  form,  though  it  is  not  necessary  to  our  present  purpose  to 
establish  it^  might  be  demonstrated  generally. 


• 
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Hence  (22)  gives 

or,  rejecting  the  factor  Kfi^/i^,..fi^,  which  does  not  contain 
diflferential  coeflBcients, 

Of  this  equation  it  has  therefore  been  shewn,  as  was  required, 
that  ( F-  —  c)  ( F,  —  c)  ,..  ( F  —  c)  =  0  constitutes  the  complete 
primitive. 

[See  the  Supplementary  Volume,  Chapter  XX.  Art.  2.] 

^- «"»  (ti-i-" ('>• 

Here  the  component  equations  are 

and  their  respective  integrals  are 

y-o;-2V(aa:)  =  0 (2), 

y-c,  +  2VM  =  0 (3). 

Eeplacing  both  constants  by  c  and  multiplying  the  equations 
together,  we  have 

(y-c)^-4aa;  =  0 (4), 

as  the  complete  primitive. 

Now  this  primitive  represents  a  series  of  parabolas,  the 
parameters  of  which  are  constant  and  equal  to  4a,  and  the 
axes  of  which  are  parallel  to  the  axis  of  (c;  but^the  ver- 
tices of  which  are  situated  at  different  points  of  the  axis  of 
y,  coiTesponding  to  the  different  values  which  may  be  given 
to  the  arbitrary  constant  c.  Of  these  parabolas  the  equations 
(2)  and  (3),  which  may  be  written  in  the  more  usual  forms 


y - Cj  =  2 //(aa?),    y-c^==-2y/(ax), 


k 
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represent  respectively  the  positive  and  the  negative  branches^ 
while  the  equation 

{y-c,-2V(aa;)}{y-c,+  2V(ai^)}  =  0 (5), 

represents  the  terms  which  would  be  found  by  taking  one 
positive  and  one  negative  branch,  but  not  necessarily  from 
the  same  parabola.  Thus  there  is  no  portion  of  the  loci  re- 
presented by  the  apparently  more  general  solution  (5),  which 
is  not  also  represented  by  the  complete  primitive  (4).  The 
defect  of  generality,  if  as  such  it  is  to  be  regarded,  consists 
in  this  that  while  each  branch  of  every  curve  in  the  series 
is  represented,  those  branches  which  belong  to  the  same  curve 
are  paired  together. 

[On  the  subject  discussed  in  the  first  three  Articles  of  the 
present  Chapter  the  student  may  consult  a  paper  by  Pro- 
fessor De  Morgan  entitled  On  the  questioUy  What  is  the  solvr 
Hon  of  a  Differential  Equation  ?  The  paper  is  published  in 
the  Cambridge  Philosophical  TransactioTis,  Vol.  x.] 

4.  There  are  certain  cases  in  which  diflferential  equations 
of  the  first  order  can  be  solved  without  the  resolution  of  the 
first  member  into  its  component  factors.  Of  these  the  most 
important  are  the  following. 

1st.  When  the  given  equation  contains  only  one  of  the 
variables  x  and  y  in  addition  to  ^ ,  being  either  of  the  form 

i^(a.,|)  =  0.   orofthefonn^(2,,|)=0. 

2ndly.  When,  involving  x  and  y  only  in  the  first  degree, 
it  is  expressible  in  the  form 

^^{p)+yf(p)  =  x(p)^  where j)  =  ^. 

Srdly.  When  the  equation  is  homogeneous  with  respect  to 
X  and  y. 

These  cases  we  shall  consider  separately. 
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Equations  involving  only  one   of  the  varidbles  x  and   y 

with  -y-  • 

5.    In  thi&  case  if,  representing  -p  by  p,  dnd  regarding 

jt>  as  a  new  rariable,  we  form  a  diflTerential  eqiiation  between 
p  and  the  variable  which  does  not  enter  into  the  original 
equation,  and  integrate  the  equation  thus  fonned^tbe  elimina^ 
tion  of  p  between  the  resulting  integral  and  the  original 
equation  will  give  the  complete  primitive  required.  For  it 
will  express  a  relation  between  x^  y^  and  the  arbitrary  con- 
stant introduced  by  integration. 

Thus  if  from  the  equation  F{x,p)»Ovfe  deduce  x=f{p), 
then,  since  dy  ^pdx,  we  have 

dy^pf^JP^dp^ 
therefore  y—\pf{p)dp'\-c (1). 

After  the  integration  here  implied  y  will  be  expressed  as  a 
function  of  p  and  c,  and  between  that  result  and  the  original 
equation  |7  must  be  eliminated. 

In  like  manner,  if  from  F(y,py^O  we  deduce  y=f{p)t 
the  equation  dy^pdx  gives /'(p)  dp  ^pdx^  whence 

whence 


«»/^^+c (2), 


between  which  (after  the  integration  has  been  performed)  and 
the  original  equation,  p  must  be  eliminated. 

But  these  methods,  though  always  permissible,  are  only 
advantageous  when  it  is  more  easy  to  solve  the  given  equa* 
tion,  with  respect  to  the  variable  x  oi  y  which  it  involves, 
than  with  respect  to  p. 
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Ex.  1.    Given  x  =  l  +p\ 

Here  dy  f^pdx  =p  x  Sp*dp  =  Sp^dp ; 

therefore  ^^"^  +  ^' • (•^)- 

Now  as  the  origiBal  equation  gives  _p=  (a?  — l)^^  the  com- 
plete primitive  found  by  substitution  of  this  value  in  (3) 
will  be 

2^=?(a?-l)*  +  c (4), 

and  it  would  be  directly  obtained  in  this  form  by  integrating 
the  original  equation  reduced  by  algebraic  solution  to  the  form 


^-(^-i)».  • 


da> 

This  example  illustrates  the  process  but  not  its  advantages. 
Ex.  2.    Given  x-l+p+p\ 

Here  dy  =pdx  =  pdp  +  Sp^dp ; 

therefore  y =^  "*"  ~4  "^  c. -.*..-. .....-.-* (5), 

between  which  and  the  original  equation^  must  be  eliminated. 
We  may  do  this  so  as  to  obtain  the  final  equation  between  x 
and  y  in  a  rational  form ;  but,  if  this  object  is  not  deemed  im- 
portant, we  may,  by  the  solution  of  a  quadratic,  determine  jp 
from  (5)  and  substitute  its  value  in  the  given  equation. 

Ex.3.    Giveny=/  +  2/. 

Here  since  pdx  =»  dy  we  have 

dx^-dy^  2dp  +  Qpdp ; 

therefore  a?  =  2^  +  3p'  +  c. 
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From  this  equation  we  find 

^"'  3 

C  being  an  arbitrary  constant  introduced  in  the  place  of  1  -  3c; 
and  y  will  be  found  by  substituting  this  value  o(  p  m  the 
original  equation. 

Equations  in  which  x  and  y  are  involved  only  in  the  first  degree^ 
the  typical  form  being  x(f>  (p)  +  y^  (p)  =  X  ( P)- 

6.  Any  equation  of  the  above  class  may  be  reduced  to  a 
linear  dififerential  equation  between  x  and  p,  after  the  solution 
of  which,  p  must  be  eliminated. 

The  reduced  equation  is  found  by  differentiating  the  given 
equation  and  then  eliminating,  if  necessary,  the  variable  y.  It 
may  happen  that  such  elimination  is  unnecessary,  y  disappear- 
ing through  differentiation. 

Ex.     Let  us  apply  this  method  to  the  equation 

y=xp+f{p) (1), 

usually  termed  Clairaut's  equation. 

Differentiating,  we  have 

whence  {^+/'(i')}^  =  0. 

Now  this  is  resolvable  into  the  two  equations, 

»+/■(»  =  » (2). 

|=« W 

The  second  of  these,  which  alone  contains  differentials  of  the 
new  variables  x  and  p,  is  the  true  differential  equation  between 
X  and  p. 
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integrating  it  we  have  j?  =  c, 
and  substituting  this  value  o(jp  in  (1), 

y  =  cx+f(c) (4), 

which  is  the  complete  primitive  required. 

But  what  relation  does  the  rejected  equation  (2)  bear  to 
the  given  diflferential  equation  (1),  and  what  relation  to  its 
complete  primitive  just  obtained  ? 

If  we  eliminate  p  between  (1)  and  (2)  we  obtain  a  new  rela- 
tion between  x  and  y  not  included  in  the  complete  primitive 
already  found,  i.  e.  not  deducible  from  that  primitive  by 
assigning  a  particular  value  to  its  arbitrary  constant,  and  yet 
satisfying  the  same  differential  equation,  and,  as  we  shall 
hereafter  see,  connected  in  a  remarkable  manner  with  the  com- 
plete primitive.  Such  a  relation  between  a?  and  y  is  called  a 
singular  solution.  We  shall  enter  more  fully  into  the  theory 
of  singular  solutions  in  a  distinct  Chapter,  but  the  following 
example  will  throw  some  light  upon  their  nature,  as  well  as 
illustrate  the  process  above  described, 

Ex.    Given  y  =  ajpH — . 


Here  differentiatinsr  we  have 


0 -{'-?) 


in\dp 
dx' 


From  the  equation  -^  =  0,  we  have  p  =  c,  whence 

y=-cx  +  j (o), 

fTlf 

the  complete  primitive.  From  the  equation  a  — ^  =  0,  we  have 


V(")> 
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and  this  value  substituted  in  the  original  equation  gives^  after 
freeing  the  result  &om  radical  signs, 

lf  =  4emx (6), 

the  singular  solution. 

Here  the  singular  solution  (6)  is  the  equation  of  a  parabola 
whose  parameter  is  4m,  and  the  complete  primitive  (5)  is  the 
well-known  equation  of  that  tangent  to  the  same  parabola 
which  makes  with  the  axis  of  a?  an  angle  whose  trigonometri- 
cal tangent  is  c. 

Now,  for  the  infinitesimal  element  in  which  the  curve  and 

its  tangent  coincide,  the  values  of  x,  y^  and  ^  are  the  same 

in  both.  And  thus  it  is  that  the  algebraic  equations  of  the 
curve  and  of  its  tangent  satisfy  the  same  differential  equation 
of  the  first  order. 

On  the  other  hand,  if  (5)  be  regarded  as  the  general  equa- 
tion of  a  system  of  straight  lines,  each  straight  line  in  that 
system  being  determined  by  giving  a  special  value  to  c  in  the 
equation,  the  envelop  or  boundary  curve  of  the  system  will 
be  detiermined  by  (6).  Here  the  singular  solution  is  presented 
as  the  equation  of  the  envelop  of  the  system  of  lines  defined 
by  the  complete  primitive. 

7.  In  the  second  place  let  us  consider  the  more  general 
equation 

Differentiating,  we  have^ 

p=/(i))  +  {^/(p)+<A'Q))}|, 

whence  |p  -/(p)}  j^  "f  (p)  »  =  f  (jp)> 

or  ^ji^JApL^^^IIpL 

dp     p-f{p)       P-J\p)' 
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a  linear  equation  of  the  first  order  by  which  x  may  be  deter- 
mined as  a  function  oip.  The  elimination  of  p  between  the 
resulting  equation  and  the  given  one  will  give  the  complete 
primitive. 

The  typical  equation 

x4>{p)ArTV{p)^Xip) 

may  be  reduced  to  the  above  form  by  dividing  by  ^  {p),  but- 
it  may  also  be  treated  independently  by  direct  differentiatioD. 

Instead  however  of  forming  a  differential  equation  between 
X  and  p,  we  may  form  a  diflferential  equation  between  y  and 
p.  Or,  with  greater  geneitility,  representing  any  proposed 
function  of  ^  by  t,  we  may  form  a  diflferential  equation  be- 
tween either  of  the  primitive  variables  and  t  Such  a  diflfe- 
rential equation  will  necessarily  be  linear  with  respect  to  the 
primitive  variable  retained,  and  its  solution  must  of  course  be 
followed  by  the  elimination  of  t  Ai;id  this  general  procedure, 
more  fully  to  be  exemplified  when  we  come  to  treat  of  some 
of  the  inverse  problems  of  Geometry  and  of  Optics,  is  often 
attended  with  signal  advantage. 

Ex.     Given  x-\-yp=^  ap\ 

We  shall  reduce  this  to  a  diflferential  equation  between  x 
and  p. 

Diflferentiating,  we  have 

then  eliminating  y  by  means  of  the  given  equation,  we  have 

which  may  be  reduced  to  the  linear  form 

dx  X  ap 

its  integral  being 


«  = 


;^^p^^[C+alog{p  +  V(l+i)m 
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If  in  this  equation  we  substitute  for  p  its  value  in  terms  of  x 
and  y  furnished  by  the  given  equation,  i.e.  if  we  make 

we  shall  be  in  possession  of  the  complete  primitive. 

Had  we  chosen  to  form  a  differential  equation  between  y 
and  p,  we  should  have,  on  differentiating  the  given  equation 
while  regarding  y  as  the  independent  variable, 

|+p  +  y|  =  2ap|. 

dx        1 

whence,  replacing  ;j-  by  -  and  reducing, 

therefore  on  integration 

y  =  7(1^)  \.0+ap^(l+  p*)  -  a  log  {p  +  V(l  +  p")}], 

f 

from  which,  as  before,  p  must  be  eliminated.   The  final  results 
are  of  course  identical. 

Homogeneous  Equations'  of  the  first  order. 

8.  Equations  which  are  homogeneous  with'  respect  to  x 
and  y  may  be  prepared  for  solution  by  assuming  y  =  vx. 

The  typical  form  of  such  equations  is 

'Kl'^)=^- w. 

y 
Assuming  then  -  =  t?,  and  dividing  by  a?*,  We  have 

X 

<l>{v.p)=0 ,, (2). 


»" 


^^■^^-^^^ 
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If  we  can  solve  this  equation  with  respect  to  p,  we  have 

But,  since  y  =  arv, 

dv 

Thus  the  transformed  equation  becomes 

y  dv  dx     ^ 

whence  —~  H =0, 

v-J-iv)      X      ^ 

an  equation  in  which  the  variables  are  separated,  and  in  the 
integral  of  which  it  will  only  remain  to  substitute  for  v  its 

value  ^ , 

But  if  it  be  more  easy  to  solve  (2)  with  respect  to  v  than 
with  respect  to  p,  and  if  the  result  be 

v^fip), 
then  restoring  to  v  its  value  - ,  we  have 

which  is  a  particular  case  of  the  equation  of  the  previous 
section.    Hence  diflferentiating,  we  have 

from  which  results 

»     f{p)-P       ' 

B.  D.  E.  9 
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an  equation  in  which  the  variables  x  and  p  are  separated. 
Between  the  integral  of  this  equation  and  the  given  equation 
J)  must  he  eliminated,  and  the  relation  between  x  and  y  whicli 
results  will  be  the  complete  primitive. 

.    Given  yp  +  na!  =  V{;^  +  na!')  V(l +?')■ 
DQing  y  =  vx,  we  have 

vp  +  n  =  VCi^  +  n)  V(l  +  p*), 
olution  of  irhich  with  respect  to  p  gives 


+  v. 


dv      _        /f'n-l\  dx 

l^rating,  we  have 

log  [v  +  V(^  +  «)]  =  ±  y^(^)  log  ar  +  C; 


fore  «  +  v'(w'  +  »)=c» 

(placing  J)  bj  ^ , 


VCT 


wmplete  primitive. 
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Equations  solvable  hy  differentiation. 

9.  A  remarkable  class  of  equations,  the  theory  of  which 
has  been  fully  discussed  by  Lagrange,  deserves  attention. 

It  has  been  shewn,  Chap.- 1.  Art.  9,  that  if  two  differential 
equations  of  the  first  order,  each  involving  a  distinct  arbi- 
trary constant,  give  rise  to  the  same  differential  equation  of 
the  second  order,  they  are  derived  from  a  common  primitive 
involving  both  the  arbitrary  constants  in  question. 

Let  us  suppose  these  differential  equations  of  the  first  order 
to  be  reduced  to  the  forms 


^(-'^'1)  =  ^ (2). 

and  let  the  primitive  obtained  by  the  elimination  of  -^  be 

^{xyj/f  a,  h)  =  0.  Lagrange  has  then  observed  that  if  we 
have  any  differential  equation  of  the  first  order  of  the  form 

its  complete  primitive  will  still  be  <I>  {x,  y,  a,  h)  =  0,  but  with 
the  condition  that  a  and  b  are  no  longer  independent  con- 
stants, but  are  connected  by  the  relation 

F(a,  b)  =  0. 

This  is  an  obvious  truth.     For  as,  by  hypothesis,  the  sup- 
posed primitive  O  {x,  y,  a,b)=0  gives 

it  will  convert  (3)  into  F  {a,  h)  =  0,  and  will  therefore  satisfy 
that  equation  if  a  and  b  are  connected  by  the  relation 

F{a,b)  =  0. 

9—2 
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Moreover  it  contains  virtuallj'  only  one  arbitrary  constant, 
for  the  relation  F(a,  6)  =  0  permita  ua  to  determine  6  as  a 
function  of  a.  Hence  it  will  constitute  the  complete  primitive 
of  (3).     See  alao  Chap.  r.  Art  10. 

ia  result  may  be  eipreased  in  the  following  theorem. 

any  differential  equation  of  the  first  order  be  expremhk 

i/orm 

^(*,+)-0 (4), 

!  if>  mid  -^  are  functions  ofx,  y,  -f- ,  such  Hmt  Ute  dif- 

lial  equations 

4>=a,  f  =  &, 
lerivable  from  a  single  primitive  involving  a  and  h  a> 
•ary  constants,  the  solution  of  the  given  differential  eqva- 
'jill  be  found  by  limiting  that  primitive  by  the  condition 

F(a,  h)  =  0, 
acttuilli/  or  virtually  to  elimijiate  one  of  the  arbitrary 
tnts, 

.     Suppose  that  the  given  equation  is 

Vh(l)]=4-^l) m- 

the  diSerenttal  equations  of  the  iirst  order 


Vf-(S)}=' '"■ 

lerivable  from  a  common   primitive;  for,  on  differen-     I 
g  them,  we  have  respectively 


v/{ 


■i  +  K  +^55-0, 


W»'. 


••^m,i^j.^M   MM   ^  - 
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and  these  agree  as  differential  equations  of  the  second  order, 
Chap.  I.  Art.  9.  That  common  primitive,  found  by  elimi- 
nating ~  between  (2)  and  (3),  is 

Hence  the  primitive  of  the  given  equation  is 

2/»  +  (a;-a)«  =  {/(a)r (4). 

We  might  also  proceed  as  in  the  solution  of  Clairaut  s 
equation.     Differentiating  the  given  equation,  we  have 


=  0. 


The  second  factor,  which  alone  involves  -—j^ ,  equated  to  0, 
gives  on  integration  the  primitive 

as  will  be  seen  in  Chap.  X.  Art.  1,  in  which  the  relation  be-  * 
tween  6  and  a  remains  to  be  determined  as  before.     The  first 
factor  equated  to  0  constitutes  the  differential  equation  of  the 

singular  solution,  which  will  be  obtained  by  eliminating  -^ 

between  that  equation  and  the  equation  given. 

Clairaut's  equation  belongs  to  the  above  class.     We  may 
express  it  in  the  form 

Now  the  differential  equations 

dy 

dx    "' 
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generate  the  same  differential  equation  of  the  second  order 
and  are  derivable  from  the  same  primitive 


Examples  of  Transformation, 

10.    Well-chosen  transformations  facilitate  much  the  solu- 
tion of  differential  equations  of  the  first  order. 

Ex.1.    Given  J:^  ^    =/  (a?" + y^)\    Zacrowr,  Tom.    li. 
p.  292. 

Assuming  a;  =  r  cos  ^,  y  =  r  sin  ^,  we  have 


-r^ 


A'<w)] 


=/(r). 


whence 


Consequently 


dr  _  rV[r'-f/(r)}'l 
dd~  f{r) 

ff      f       f{r)dr  ^ 


As  -jp: 5jr  is  the  expression  for  the  length  of  the  per- 
pendicular let  fall  from  the  origin  upon  the  tangent  to  sk 
curve,  the  above  is  the  solution  of  the  problem  which  pro- 
poses to  determine  the  equation  of  a  curve  in  which  that 
perpendicular  is  a  given  function  of  the  distance  of  the  point 


of  contact  from  the  origin. 
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By  the  same  transformation  we  may  solve  the  equation 

Ex.  2.    Given  (^' ^  Aaf' -{- Byf'. 

To  render  the  above  equation  homogeneous  if  possible 
let  y=^s^\  we  find 

This  will  be  homogeneous  with  respect  to  z  and  a?,  if  we 
have 

fc  (n  —  1)  =  a  =  n^, 

equations  from  which  we  deduce 

7        0^  a 

a  — p  p 

the  former  of  which  expresses  a  condition  between  the  indices 
of  the  given  equation,  the  latter  the  vahie  which  must  be 
given  to  n  when  that  condition  is  satisfied. 

It  appears  then  that  the  equation 

aft 


m-'^A^.B^, 


can  be  rendered  homogeneous  by  the  assumption  y  =  ^. 

If  the  more  general  transformation  y  =  «*,  aj  =  ^"*,  which 
seems  at  first  sight  to  put  us  in  possession  of  two  disposable 
constants,  be  employed,  the  necessity  for  the  fulfilment  of  the 
same  condition  between  or,  13,  and  k,  will  not  be  evaded,  the 
ratio  of  the  constants  m  and  n,  not  their  absolute  values, 
proving  to  be  alone  available. 

Ex.  3.  The  equation  of  the  projection  on  the  plane  xy  of 
the  lines  of  curvature  of  the  ellipsoid  is 
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AssumiDg  a^  =  s,  y'=(,  the  equation  is  reiiuceJ  to  one  of 
Clairaut's  form,  Art.  6.     Its  solution  is 

equation  m^  also,  without  preliminary  transformation, 
igrated  by  Lagrange's  metiiod,  Art  9.  We  may  ex- 
[  in  the  form 

A<^f +  3(^  +  ^  =  0 (2), 

where  ^  =  ^,   ifr  =  ^—r/px, 

|p=o,   y'~ypx  =  h, 

ived  from  a  common  primitive  ^  —  oas*  =  b.  The  solii- 
(2)  will  therefore  be, 

^  —  Oi^  —  b 

le  connecting  relation  between  the  coustants, 

Aab  +  iJo  +  fc  =  0. 
lis  will  be  found  to  agree  with  the  previous  result 

EXERCISES, 
following  examples  are  cbiedy  in  iUostration  of  Arts. 


\dx)      X* 

/di/\'_l-X 

[dxj  -     X     ■ 


+  6  =  0. 
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\dxj         y  ax 


'-'iWt*®'] 


£-y^(i)i-«- 


11. 


1  ,7^.!/N'      fa  +  g)'^ 


The  following  examples  are  intended  to  illustrate  Art.  6. 
The  singular  solutions  as  well  as  the  complete  primitives  are 
to  be  determined. 

12  y=.a:^l+^y^(^]\ 

^        dx     dx     \dxj 

The  following  examples  are  in  illustration  of  Arts.  7  and  8. 
14.  2'  =  -2  +  V{'  +  (£ 
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following  examples  are  in  illustration  of  Art.  9. 

r         ^?     1 


^+z 
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CHAPTER  VIIL 

ON  THE  SINGULAR  SOLUTIONS   OF  DIFFERENTIAL   EQUATIONS 

OF  THE  FIRST  ORDER. 

1.  In  the  largest  sense  which  has  been  given  to  the  term, 
a  singular  solution  of  a  differential  equation  is  a  relation 
between  the  variables  which  reduces  the  two  members  of  the 
equation  to  an  identity,  but  which  is  not  included  in  tho 
complete  primitive. 

In  this  sense,  the  relation  obtained  by  equating  to  0  some 
common  algebraic  factor  of  the  terms  of  the  equation  might 
claim  to  be  called  a  singular  solution. 

But,  in  a  juster  and  more  restricted  sense,  a  singular  solution 
of  a  differential  equation  is  a  relation  between  x  and  y,  which 
satisfies  the  differential  equation  by  means  of  the  values  which 

7  72 

it  gives  to  the  differential  coefficients  -^ ,  -y^,  &c.,  but  is  not 

included  in  the  complete  primitive.  In  this  sense  the  equa- 
tion a?-\-y^^n^,  is  a  singular  solution  of  the  differential 
equation  of  the  first  order 

du 

It  reduces  the  members  of  that  equation  to  an  identity,  but 
not  by  causing  any  algebraic  factor  of  them  both  to  vanish. 
At  the  same  time  it  is  not  included  in  the  complete  primitive 

y  —  Co?  =  n  \/(l  +  c')* 

And  this  is  the  juster  definition,  because  that  which  is 
essential  in  the  singular  solution  is  thus  in  a  direct  manner 
connected  with  that  which  is  essential  in  the  differential 
equation.     Def.  Chap.  I. 
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When  it  is  said  that  a  singular  solution  of  a  differential 
equation  is  not  included  in  the  complete  primitive,  it  is  meant 
that  it  is  not  deducible  from  that  primitive  by  giving  to  the 
arbitrary  constant  c  a  particular  constant  value.  But  although 
a  singular  solution  is  not  included  in  the  complete  primitive, 
it  is  still  implied  by  it.  Upon  the  possibility  of  satisfying  a 
differential  equation  by  an  infinite  number  of  particular  equa- 
tions, each  formed  by  the  particular  determination  of  an 
arbitrary  constant,  rests  the  possibility  of  satisfying  it  by 
another  equation,  to  the  formation  of  which  each  particular 
solution  has  contributed  an  element.  We  have  seen  in 
Chap.  VIL  how  a  singular  solutioji,  as  representing  the 
envelope  of  the  loci  defined  by  the  series  of  particular  solu- 
tions, possesses  a  differential  element  common  with  each  of 
them.  We  shall  now  see  that  this  property  is  not  accidental 
— that  it  is  intimately  connected  with  the  definition  of  a 
singular  solution. 

It  is  important  that  the  two  marks,  positive  and  negative, 
by  the  union  of  which  a  singular  solution  of  a  differential 
equation  of  the  first  order  is  characterized,  and  by  the  expres- 
sion of  which  its  definition  is  formed,  should  be  clearly  appre- 

'  dij 

hended.    1st.  It  must  give  the  same  value  of -r^  in  terms  of  a; 

and  y,  as  the  differential  equation  itself  does.  This  is  its 
positive  mark,  a  mark  which  it  possesses  in  common  with  the 
complete  primitive,  and  with  each  included  particular  primi- 
tive. 2ndly.  It  must  not  be  included  in  the  complete 
primitive.  This  is  its  negative  mark.  Upon  the  analytical 
expression  of  these  characters  the  entire  theory  of  this  class 
of  solutions  depends. 

Among  the  different  objects  to  which  that  theory  has 
reference,  the  two  following  are  the  most  important.  1st.  The 
derivation  of  the  singular  solution  from  the  complete  primitive. 
2ndly.  The  deduction  of  the  singular  solution  fronl  the  differ- 
ential equation  without  the  previous  knowledge  of  the  com- 
plete primitive.  The  theory  of  the  latter  process  is  so  de- 
pendent upon  that  of  the  former  that  it  is  necessary  to  consider 
them  in  the  order  above  stated. 

[Important  additions  to  the  present  Chapter  are  given  in 
the  Supplementary  Volume,  Chapter  xxi.] 
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Derivation  of  the  singular  solution  from  the  complete  primitive. 

2.  The  complete  primitive  of  a  differential  equation  of  the 
first  order,  whatever  may  be  the  degree  of  the  equation,  is  of 
the  form  * 

<l>  (^,  2/,  c)  =  0. 

If  we  give  to  c  a  particular  constant  value  in  this  equation 
we  obtain  a  particular  primitive.  If  we  give  to  c  a  variable 
value  by  making  it  a  function  of  x,  or  of  y,  or  of  both,  we,  as 
will  immediately  be  shewn,  convert  the  equation  into  any 
desired  relation  between  x  and  y.  We  propose  then  to  deter- 
Kline  c  as  variable,  but  as  so  varying  that  the  resulting 
relation  between  x  and  y  shall  continue  to  satisfy  the  differ- 
ential equation. 

The  general  effect  of  the  conversion  of  c  into  a  function  of 
a?  or  of  y  must  first  be  considered. 

Prop.  i.    A  primitive  equation 

<l>  (^,  2/,  c)  =  0 

may,  by  the  conversion  of  c  into  a  function  of  x,  he  transformed 
into  any  desired  equation  containing  x  and  y  together,  or  y 
atone,  hut  not  into  an  equation  involving  x  vdthout  y. 

Let  the  desired  result  of  transformation  be 

ir{x,y)=0,  orx(y)  =  0, 

involving  y  at  least.  Combining  either  of  these  equations 
with  the  primitive  we  can  eliminate  y,  and  so  obtain  a  rela- 
tion between  x  and  c  which  will  determine  c  as  the  function 
of  X  reqiiired. 

It  is  evident  however  that  the  conversion  of  c  into  a  func- 
tion of  X  could  not  convert  the  primitive  into  an  equation  not 
involving  y.  For  a  variable  cannot  be  eliminated  from  an 
equation,  except  by  the  aid  of  another  equation  which  contains 
that  variable. 
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Similarly  the  conversion  of  c  into  a  function  of  y  would 
enable  us  to  convert  the  given  primitive  into  any  desired 
equation  involving,  of  the  t^o  variables,  at  least  x, 

Ex.  Let  it  be  required  to  convert  the  equation  y  =  cx  into 
0^  +  1/^  =  1,  by  the  Conversion  of  c  into  a  function  of  x,      * 

Eliminating  y  from  the  given  and  the  proposed  equation, 
we  have 

whence  c  =  — ^ . 

X 

This  value  of  c  substituted  iny  =  cx,  converts  it  into 

which  is  equivalent  to  x^  +  y^  =  1. 

3.  Let  us  now  enquire  what  determination  of  c  as  a  func- 
tion of  X  will  convert  the  primitive  <j>  (x,  y,  c)  =  0  into  a 
relation  between  x  and  y  still  satisfying  the  differential  equa- 
tion. 

Now  the  complete  primitive  of  a  differential  equation  of 
the  first  order  is  always  by  solution  with  respect  to  y  reduci- 
ble either  to  a  single  equation  or  to  a  series  of  equations  of 
the  form 

y=f{^>o) (1). 

If  we  differentiate,  regarding  c  as  constant,  we  have  as  the 
derived  equation 

dy_df{x,c) 

dx^      dx       ^^^' 

and  the  elimination  of  c  from  this  by  means  of  the  previous 

equation  gives  us  a  value  of  —^  which  satisfies  the  differential 

equation.  That  differential  equation  would  then  still  be  satis- 
fied if  c  were  regarded  as  variable,  provided  that  the  variation 
were  such  as  to  leave  unchanged  the  form  of  the  relation  be- 
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tween  x,  y  and  c  in  the  primitive  and  in  the  derived  equation. 
For.  the  nature  of  c  does  not  affect' the  mode  of  the  elimina- 
tion. 

Differentiating  (1)  then  on  the  hypothesis  that  c  is  a  func- 
tion of  X,  and  representing  the  differential  coefficient  of  c  thus 

considered  by  ( -r- I ,  we  have 


•>'  {%)  • 


di  ^  df{x,  c)  ^  df(x,  c)  /dc\  . 

dx  dx  dc      \dx) ^' 


And  this  will  agree  in  form  with  the  expression  for  -%-  in  (2) 

if  -'^^      il}'^^*    "^^^  *^  suppose  f -^j  =  0  would  be  to 

suppose  c  a  constant  and  to  return  to  the  ordinary  primitive. 
It  remains  therefore  that  for  a  singular  solution  we  have 

This  is  the  first  analytical  condition.  What  it  means  is  that 
if  a  fixed  value  be  given  to  x  in  the  primitive,  y  must  not 
vary  for  an  infinitesimal  variation  of  c.  And  by  this  condi- 
tion c  is  to  be  determined  as  a  function  of  x. 

Now  in  accordance  with  the  reasoning  of  Prop.  I.  the  sub- 
stitution of  a  function  of  x  for  c  in  a  primitive  which  contains 
y,  cannot  lead  to  a  resulting  equation  not  containing  y,  though 
it  may  lead  to  a  resulting  equation  not  containing  x.    Hence 

dy 
the  condition  -f-=^0  can  only  lead  to  those  singular  solutions 

in  the  expression  of  which  y  at  least  is  involved.  Had  we 
reduced  the  primitive  to  the  form  x  =f{y,  c)  we  should,  as  is 
evident  from  the  principle  of  symmetry,  have  arrived  at  the 
analytical  condition 

i-» (^). 

a  condition  by  which  c  would  bei  determined  as  a  function  of 
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y.  And  the  substitution  of  such  value  or  values  of  c  in  the 
primitive  would  lead  to  all  singular  solutions  in  thfe  expression 
of  which  X  at  least  is  involved. 

It  will  be  remembered  that  what  is  essential  to  a  singular 
solution  is  that  c  should  not  admit  of  determination  as  a 
constant  wholly  independent  of  the  variables.  But  whether 
it  be  determined  as  a  function  of  a;  or  as  a  function  of  y  is 
indifferent.  The  one  form  is  usually,  but  not  always,  con- 
vertible into  the  other  by  means  of  the  primitive.  Thus,  if 
the  primitive  be  in  the  form  <\>  (x,  y,  c)  =  0,  and  c  be  deter- 
mined in  the  form  c  =/(y),  the  elimination  of  ^  between  these 
equations  will  generally  enable  us  to  determine  c  as  a  function 
of  X ;  but  it  will  not  do  so  if,  in  the  elimination  of  y,  c  should 
disappear.    . 

Thus  if  the  primitive  were 

the  value  of  c  determined  as  a  function  of  y  by  the  condition 

dx 

y-  =  0  would  be  c  =  y,  and  this  value  of  c  is  not  expressible 

by  means  of  x,  for  on  attempting  to  eliminate  y  between  the 

above  equations  c  also  disappears.     Nor  is  it  indeed  possible 

dt/ 
in  the  above  case  to  satisfy  the  condition  --f  ^=0.    Hence  it  is 

necessary  in  establishing  a  general  method  to  take  account  of 
both  the  conditions  (4)  and  (5). 

And  these  conditions  are  sufficient.     No  other  is  implied. 

The  comparison  of  (2)  and  (3),  from  which  the  condition  ;r^= 0 

dx 
was  derived,  leads  also  to  the  condition  ;t-  =  0,  but  not  to  any 

other  condition.     The  expressions  which  they  furnish  for  J- 

cue 

df(x  c) 
become  equivalent  in  two  cases  only,  viz.  1st,  if  -   ^'''    ^=0, 

ttC 

the    case    first   considered;    2ndly,    if  without    supposing 
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/ia?>cj_Q^    ^^  Y^^^^    J  \^y  c)  f\  infinitesimal  i 


in  com- 


with   '^   ,'     ,  and  therefore  if  we  have 


parison  .,*«-        , 


dfM^dfix,c)^Q ^g^^ 


do       *       dx 


for,  c  being  regarded  as  a  function  of  a?,  and  therefore  variable, 
the  factor  (-r~)  cannot  be  continuously  infinite.  Now  dif- 
ferentiating the  equq,tion  y  =^f{x,  c)  we  have 

a,^^d.+^f(^ic (7). 

Hence,  if  we  make  dy  =  0,  we  have 

dx^    df(x,  c)  ^  df(x,  c) 


dc  dc       '       dx 


(8). 


dx 
so  that  (6)  assumes  the  form  ;7-  =  0.    But,  as  a  demonstration 

of  this  condition,  the  above  method  is  less  general  than  the 
previous  one,  for  it  assumes  the  possibility  of  expressing  as  a 
function  of  x  the  value  of  c  determined  by  the  condition 

-.-  =  0,    Now  that  value  is  primarily  a  function  of  y,  and  may 

not  be  expressible  at  all  by  means  of  x, 

dv  dx 

It  is  well  to  note  that  the  final  criteria  -r  =  0,  -r-  =  0 

dc  dc 

are  in  effect  analytical  expressions  of  what  logicians  term  con- 
ditional propositions.  The  former  expresses  that  if  x  be 
assumed  constant,  y  will  not  vary  for  an  infinitesimal  varia- 
tion of  c;  the  latter,  that  tf  y  be  assumed- constant,  x  will  not 
vary  for  an  infinitesimal  variation  of  c. 

4.    Each  of  these  conditions  then 

do"^'  dc^^' 
has  its  special  case  of  failure. .   The  former  cannot  lead  us  to 

B.D.E.  10 
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singular  solutions  in  whict  y  is  not  involved ;  the  latter  can- 
not lead  to  those  in  which  x  is  not  involved.  It  is  proper 
to  shew  that  except  in  such  cases  of  failure  they  are 
equivalent. 

As  expressed  by  means  of  the  pdmitive  y =/(a?,  c),  these 
conditions  assume  the  forms 

dc  '         do      '       dx  ' 

or  ^  =  0      ^-^^  =  0 

dc       *     dc  '  dx       ' 

and  these  are  equivalent  unless  -j-  be  0  or  infinite. 

But  ;^  =  0  implies  that  the  singular  solution  is  of  the 

form 

y  =  a  definite  constant, 

and  this  is  precisely  that  form  of  singular  solution  which  the 
condition  ;t-  =  0  fails  to  give. 

dti  djQR 

Similarly  -^  =  x ,  being  equivalent  to  -r-  =  0,  implies  that 

the  singular  solution  is  of  the  form 

a;  =:  a  definite  constant, 

and  this  is  that  form  of  singular  solution  which  the  condition 
-^^  =  0  fails  to  give. 

diJ         doR 
Thus  the  conditions  -^  =0,  -r-  =  0,  although  not  necessarily 

equivalent,  do  not  lead  to  conflicting  results. 

When  we  cannot  solve  the  primitive  equation  with  respect 
to  y  and  a;  so  as  to  enable  us  to  form  directly  the  expressions 


(9), 
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for  --—  and  -y- ,  we  may  proceed  thus.    Representing  the  pri- 
zaitive  by  ^  «  0,  we  have  on  differentiation 

Hence,  remembering  what  is  meant  by  -~  and  -j- , 

d<l>  d^ 

Ay _    dc       dx^     do 

dc^    3^'      ^^""    ^ 

dy  dx 

and  the  second  members  of  these  equations  must  be  equated 
to  0. 

We  see  that  these  second  members  will  usually  vanish  if 

-^  as  0.    And  this  equation  -^  =  0  is  adopted  by  some  writers 

as  a  suflScient  expression  of  the  rule  for  the  derivation  of  the 
singular  solution  from  the  complete  primitive,  unrestricted 
by  any  accompanying  condition.  (Lagrange,  Calcul  des  Fonc- 
tions,  p.  207.)    We  must  notice  however  that  the  vanishing 

of  -^  or  -T-  in  (9)  may  be  due  not  to  the  vanishing  of  the 

fJrf% 

numerator  -— ,  but  to  the  assumption  of  an  infinite  value  by 

CLC 

the  denominator  -,-  or  -~ .     The  latter  is  indeed  quite  as 

ay        ax  ^ 

probable  a  cause  as  the  former  when  ^  is  not  expressed  as  a 

rational  and  integral  function  of  x  and  y.    And  even  when  ^ 

is  thus  expressed  the  condition  ^  =  0  may  fail  through  its 

involvins:  a  factor  contained  in  j?  or  j^ ,    We  conclude  that 
°  ay      dx 

d'u 
while  the  true  tests  of  a  singular  solution  are  ;t^  =  0  and 

^  =  0,  any  subsidiary  conditions  such  as  ^  =  0>  '^^^^ 


dy 
10—2 
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^  =  00 ,  are  only  to  be  used  for  purposes  of  convenience,  and 
dx 

never  without  reference  to  the  more  fundamental  relations  of 

which  they  take  the  place. 

The  following  is  a  legitimate  example  of  the  application  of 

the  subsidiary  condition  -^  =zO, 

The  complete  primitive  of  the  diflferential  equation  -^  =  2yh 

is  y  =  (a?  —  c)'.    Here  ^  =  y  —  (a?  —  c)*,  and,  this  being  rational 

and  integral,  the  condition  -r=0  gives  2  (a;  —  c)  =  0,  whence 

c=^x,  a  value  of  which,  substituted  in  the  primitive,  gives  y=0 
a  singular  solution. 

The  condition  ;^  =  0  also  gives  c=^x,  and  leads  to  the  same 

result.  But,,  since  the  primitive  solved  with  respect  to  a?  gives 

d*Xj 
a  =  c  +  yi,  the  condition  j-  =  0  cannot  be  satisfied.    Thus  the 

singular  solution  is  here  obtained  by  means  of  the  condition 

-^  =  0,  and  not  by  the  condition  -=-  szO, 

5.  The  chief  results  of  the  above  investigation  are  com- 
bined in  the  following  Proposition. 

Prop.  n.  Every  singular  solution  of  a  differential  equor 
tion  of  the  first  oraer  may  he  deduced  from  its  complete  primi- 
tive by  aiving  therein  to  o  a  variable  value  determined  from 
that  primitive  by  either  or  both  of  the  equations 


a:-^>  x^-" W- 


dc       '  3c 

And  any  solution  which  is  thus  obtained,  and  which  cannot  be 
also  obtained  by  giving  to  c  in  the  primitive  a  constant  value^  is 
a  singular  solution. 

Hie  conditions  (1)  are  equivalent,  except  when  one  only  of 
the  variables  x  and  y  is  involved  in  the  singular  solution/  solu^ 
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tions  involving  only  the  variable  y  resulting  only  from  the 
condition  ^  =  0,  and  those  involving  only  the  variable  x  re- 

suiting  only  from  the  condition  ;j-  =  0. 

When  the  primitive,  represented  by  <f>=:Oy  is  rational  and 
integral  we  may  for  convenience  employ  the  single  condition 

^-  =  0;  but  never  withov/t  referen^ce  to  Ihe  fundam^enial  con- 

ditions  (1). 

In  the  statement  of  the  above  theorem  the  two  following 
particulars  should  be  noticed. 

1st.  It  supposes  c  to  be  determined  as  a  variable  quantity. 
Now  if  c  be  obtained  as  a  function  of  both  x  and  y,  as  it 

generally  will  be  if  the  condition  ^  =  0  be  made  use  of,  it 

may  be  necessary  by  a  subsequent  elimination  to  reduce  it  to 
a  function  of  one  of  the  variables,  in  order  to  assure  ourselves 
that  it  is  not  constant  in  virtue  of  the  relation  between  x  and 
y  established  in  the  primitive. 

2ndly.  The  theorem  takes  account  equally  of  the  positive 
and  of  the  negative  characters  of  a  singular  solution.  The 
existence  of  a  variable  value  of  c  determined  by  either  of  the 
conditions  (1)  does  not  assure  us  that  the  resulting  solution  is 
singular,  unless  constant  values  of  c  are  at  the  same  time 
excluded. 

Ex.  1.     The  equation  y'-^xy^  +  ^l  +  a?)  (^  =  1,  has 

for  its  complete  primitive  y  =  ca?  +  V(l  —  c*).  Its  singular 
solution  is  required. 

Here  ff=:«-_£-^.     Hence^  =  0  gives  for  c  the 

variable  value  d  ==  ..  ^  .  i\  > *^®  substitution  of  which  in  the 
primitive  gives 

y  =  V(^'+l)   (1). 
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This  value  of  y  satisfies  the  given  differential  equation^  and 
it  is  evident  on  inspection  that  it  is  not  included  in  the  com- 
plete primitive.  Formally  to  establish  this,  we  find  on  elimi- 
nating y  between  that  equation  and  (1) 

solving  which  with  respect  to  c,  we  have  the  unique  value 

c  =  -TT-5 — y: ,  which,  agreeing  with  the  value  of  c  before 

employed,  shews  that  c  admits  of  no  other  value,  and  in 
particular  that  it  admits  of  no  constant  value.  The  solution 
is  therefore  singular. 

The  condition  -»-  =  0  would,  in  the  above  example,  give 
Q  —  \iL L.   atid  lead  to  the  same  final  result. 

y 

We  must  be  careful  not  to  rely  upon  the  condition  ;p  =  0, 

except  under  the  circumstances  specified  in  the  general 
theorem.  This  remark  will  be  illustrated  in  the  following 
example. 

Ex.  2.  The  complete  primitive  of  the  differential  equa- 
tion y  =px  -\ — ,  where  p  stands  for  -.^,  lay  —  cx =  0, 

and,  if  we  represent  its  first  member  by  0,  the  elimination  of 
c  between  the  equations  ^  =  0,  -^  =  0,  gives  the  singular  solu- 
tion y'  =  Aimx. 

ft 

But,  though  this  is  not  a  procedure  likely  to  be  adopted,  if 
we  reduce  the  primitive  by  solution  to  the  form 
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and  then  represent  its  first  member  by  (f>,  we  shall  have 

c?y_     d^  ^  d(f> 
dc^     dc  '  dy 


,2.[i,        y      ] 


And  here  the  singular  solution  ^  —  5ma?=s  0,  before  obtained, 
is  seen  to  be  dependent,  not  upon  the  vanishing  of  -^ ,  but 

upon  the  assumption  of  an  infinite  value  by  ^. 

The  true  ground  of  preference  for  the  conditions  ;i^==0, 

dm 

-^—  =  0,  consists,  however,  not  in  the  directness  of  their  appli- 
cation to  irrational  forms  of  the  primitive,  but  in  the  plainness 
of  their  geometrical  interpretation,  and  still  more  in  their  fun- 
damental relation  to  the  problem  of  the  derivation  of  the 
singular  solution  from  the  differential  equation — questions 
hereafter  to  be  discussed. 

The  following  example  is  intended  to  illustrate  that  portion 
of  the  theorem  which  relates  to  the  negatwe  character  of  a 
singular  SQlutioiu 

Ex,  3,    The  complete  primitive  of  the  differential  equation 


(i)-*«^i+v-«- 


is  y  =  c  (a;  —  cf.    The  singular  solution  is  required. 

Here  the  condition  ^  =  0  gives 

(aj-c)(a?-3c)  =  0, 
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whence  c=^x,  or  ^ .  These  values  of  c,  both  of  which  are 
variable,  reduce  the  primitive  to  the  forms 

y=o,    y=27» 

and  both  these  are  solutions  of  the  differential  equation.  But 
while  the  latter  of  the  two  is  not  included  in  the  complete 
primitive,  the  former  is  included  in  it.  K  between  the  equa- 
tions 

y  =  c(a?-c)',    y  =  0, 
we  eliminate  y,  the  resulting  values  of  c  will  be 

c  =  0,    c=aj. 

We  see  therefore  that  the  solution  to  which  we  were  led 
by  the  assumption  c  =  a;  is  a  particular  integral.  But  it  pos- 
sesses the  geometrical  properties  of  a  singular  solution  ex- 
plained in  the  following  Article. 


Oeometrtcal  Interpretation, 

6.  Let  y=/(a?,  c)  represent  a  family  of  curves  the  indi- 
vidual members  of  which  are  determined  by  giving  different 
values  to  c.  Then,  adopting  for  a  moment  the  language  of 
infinitesimals,  the  differentiation  of  y  with  respect  to  c  implies 
the  transition  from  an  ordinate  y  of  one  curve  to  an  Ordinate 

y  +  -r^dc,  corresponding  to  the  same  value  of  x,  but  belonging 

to  another  curve  of  the  series;  viz.  the  curve  obtained  by 
changing  o  into  c  +  dc. 

When  we  impose  the  condition  -^  =  0,  we  demand  that  this 
transition  shall  not  affect  the  value  of  the  ordinate  y  corre- 
sponding to  a  value  of  x  determined  by  the  equation  -^=-0. 
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Hence  the  singular  equation  obtained  by  the  elimination  of 

c  between  the  equations  y=f(:^,  c),  ;>-  =  0,  represents  the 

locus  of  such  points  of  successive  intersection. 

In  stricter  language,  the  singular  solution  represents  the 
locus  of  those  points  which  constitute  the  limits  of  position  of 
the  points  of  actual  intersection  of  the  different  members  of 
the  family  of  curves  represented  by  the  equation  y  =/(«?,  c), 
always  excepting  the  case  in  which  that  locus  coincides  with 
a  particular  curve  of  the  system. 

And  as  at  these  limiting  points  the  value  of  ^  is  the  same 

for  the  locus  of  the  singular  solution  and  the  loci  of  primitives, 
it  follows  that  the  former  has  contact  with  every  curve  of  the 
latter  system  which  it  meets.  The  locus  of  the  singular  solu- 
tion is  seen  to  be  the  envelope  of  the  loci  of  primitives.  The 
envelope  of  the  loci  of  primitives  is  the  locus  of  a  singular 
solution,  except  when  it  coincides  with  one  of  the  particular 
loci,  of  which  it  forms  the  connecting  bond. 

Similar  observations  may  be  made  with  reference  to  the 

condition  t-  =  0, 
do 

Derivation  of  the  singular  solution  from  the  differential 

equation. 

7.  We  have  found  that  the  singular  solution  of  a  differen- 
tial equation  considered  as  derived  from  its  complete  primitive 
possesses  the  following  characters. 

1st.    It  satisfies  one  of  the  conditions  -^^  ==  0,  -i-  =  0. 

do         do 

2nd.  It  is  not  possible  to  deduce  it  from  the  complete 
primitive  by  giving  to  c  a  constant  value. 

It  has  also  been  shewn  that  the  positive  conditions  are 
equivalent  except  when  the  singular  solution  involves  only 
one  of  the  variables  in  its  expression. 
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Now  we  shall  endeavour  to  translate  the  above  characters 
from  a  language  whose  elements  are  x,  y,  and  c  to  a  language 

whose  elements  are  ar,  y,  and  -r- , — ^from  the  language  of  the 

complete  primitive  to  the  language  of  the  diflferential  equation. 

If  we  diflferentiate  with  respect  to  x  the  complete  primitive 
expressed  in  the  form 

y=/(^>c) (1), 

we  obtain  the  derived  equation 

^-'^ » 

and  substituting  in  this  for  c  its  expression  in  terms  of  x  and 
y  given  by  the  primitive  (1),  we  have  finally  the  differential 
equation  in  the  form 

^=:^(a?,y) (3). 

Thus  the  differential  equation  (3)  is  the  same  as  the  derived 
equation  (2),  provided  that  c  be  considered  therein  as  a  func- 
tion of  X  and  y  determined  by  (1). 

Accordingly  we  have 

|in(8).fta(2)x|ta(l), 

or  ^  in  m  ^.?B^  ^  <^^^^-  ^^ . 

dy      ^  ^        dxdc     '       do      * 

.    ,-v       do     ^      dy     ^     dfixy  c) 
smce  in  (1)       j-  » 1  -5-  3^  =  1  ^-       :,     ^ . 

dy  dc  dc 

Hence  |ta(3).^,„gfel\ 
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provided  that  the  value  of  the  first  member  be  derived  from 
the  differential  equatioD,  that  of  the  second  member  from  the 
complete  primitive. 

In  like  manner  if  we  suppose  the  complete  primitive  ex- 
pressed in  the  form 

aj=s0(y,  c), 
we  shall  have  through  symmetry  the  relation 

d  fl\      d  ,      dx  f^. 

d^y^d^^'^di (")' 

the  first  member  referring  to  the  differential  equation,  the 
second  to  the  complete  primitive. 

The  equations  (4)  and  (5),  which  are  rigorous  and  funda- 
mental, establish  a  connexion  between  the  differential  equa- 
tion and  the  complete  primitive,  and  it  now  only  remains  to 

ctt/  dx 

introduce  the  conditions  -^  =  0,  -r-  =  0.     We  beffin  with  the 

do         dc  ^ 

former. 

We  have  seen  that  when  ;r^  =  0  leads  to  a  singular  solu- 
tion it  does  so  by  enabling  us  to  determine  c  as  a  function 
of  X,  suppose  c  =  X  Before  proceeding  to  more  general  con- 
siderations it  will  be  instructive  to  make  a  particular  hypo- 
thesis as  to  the  form  of  the  equation  ;y^  =  0. 

Suppose  then  this  equation  to  be  of  the  form 

(2((J-Xr  =  0 (6), 

m  being  a  positive  constant  and  Q  a  function  of  x  and  c,  which 
neither  vanishes  nor  becomes  infinite  when  c  «  X  This  hypo- 
thesis is  at  least  sufficiently  general  to  include  all  the  cases  in 

which  -3?  =  0  is  algebraic. 


156        DERIVATION  OF  THE  SINGULAR  SOLUTION      [CH.  VIII. 

By  (6)  we  have  then 

dQ  dX 

dp      d  .      dy     dx  dx  .^ 

4''di^'St^-^-'^T^ ^' 

and  the  second  term  of  the  right-hand  member  having  c  —  X 
for  its  denominator  and  not  containing  c  at  all  in  its  nume- 
rator, is  infinite.  At  the  same  time,  we  see  that  no  such 
infinite  term  would  present  itself  were  c  determined  as  a 
constant. 

For  let|  =  Q(c-ar.then|log|  =  g^(2.  the  right- 
hand  member  of  (7)  being  now  reduced  to  its  first  term. 

The  conclusion  to  which  this  points  is  that -^  is  infinite  for 
a  singular  solution,  but  finite  for  a  particular  integral. 

Again,  suppose  the  value  of  c  in  terms  of  x  and  y  fur- 
nished by  algebraic  solution  of  the  complete  primitive  to  be 
c  =  ^  (aj,  y),  then  substituting  this  value  in  the  equation 
c  —  X=  0,  we  obtain  the  singular  solution  in  the  form 

<l>(ps,y)'-X  =  0. 

Now  the  same  substitution  gives  to  the  infinite  term  in  the 

value  of  -,  -  the  form 
dy 

dX 

TWyF^ ^^' 

We  see  then,  in  the  case  of  a  singular  solution  correspond- 

dt) 
ing  to  a  deterijiination  c  =  X,  that  -r-  as  derived  from  the 

difierential  equation  becomes  infinite  owing  to  <^(aj,  y)-'X 
occurring  in  a  denominator.  And,  whatever  modification  of 
form  may  be  made  by  clearing  of  fractions  or  radicals,  we  may 
still  infer  that,  if  w  =  0  be  a  singular-solution  derived  from  an 


ART.  7.]  FROM  THE  DIFFERENTIAL  EQUATION.  157 

algebraic  primitive,  the  function  -^  will  become  infinite,  owing 
to  u  presenting  itself  under  a  negative  index. 

The  analysis  does  not  however  warrant  the  conclusion  that 
any  relation  between  x  and  y  which  makes  -j-  infinite  will 
be  a  solution.  If  m  be  a  negative  constant,  the  second  term 
in  the  expression  of  -^  is  still  infinite,  but  the  prior  condition 

-^  =  0  is  no  longer  satisfied.    All  we  can  aflten  is  that  if 

-^  =  X  gives  a  solution  at  all  it  will  be  a  singular  solution, 

dx     1    ,    .        . 

Since  -?-  =  -,  it  is  evident  that  a  singular  solution  origi- 
nating in  a  determination  of  c  in  the  form  c^Y  will  make 

-=-(-)  infinite. 
ax  \p/ 

(lU  cLx 

A  contrast  between  the  conditions  ^  =0,  -7-  «=  0,  and  the 

do         do 

conditions  -^=00,  ^f-j=«,is  also  developed.  The  former 

lead  to  solutions,  but  not  necessarily  to  singular  solutions ; 
the  latter  do  not  necessarily  lead  to  solutions,  but  when  they 
do,  those  solutions  are  singular. 

Ex.  1.     Given  p*  -  2;rp  +  2y  =  0. 
Here  jp  =»  a?  ±  V(^ ""  %)> 

which  becomes  infinite  if  y  =  -^ ,  and  this  satisfies  the  differ- 
ential equation.    It  is  therefore  a  singular  solution. 

It  may  be  objected  against  the  above  reasoning,  not  only 
that  it  involves  an  assumption  as  to  the  form  of  the  equar 
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tion  ^  —  0,  but  also  that  it  takes  no  accoant  of  any  pos- 
sibilities arising  from  the  first  term  in  the  expression  of 

-^.    But  it  serves  well  to  illustrate  what,  in  the  vast  ma- 
ay 

jority  of  instances,  is  the  actiial  mode  of  transition  from  the 

one  set  of  conditions  to  the  other.     We  proceed  to  consider 

the  question  in  a  more  strict  and  general  maimer. 

8.  When  ;t^  =»  0  determines  c  as  a  function  of  x,  it  recipro- 
cally determines  a;  as  a  function  of  c,  so  that  if  a  definite  value 
be  given  to  c,  a  corresponding  definite  value  or  values  will  be 

given  to  x.    Let  -^  be  represented  by  -^  (a?,  c),  then 

dtf     dx    ^  dc 
=  linntof^-5S±MMl±gteL^) (9), 

h  approaching  to  0. 

Now  for  a  singular  solution  yfr  (x,  c)  =  0,  and  this  being, 
from  what  precedes,  satisfied  only  by  definite  values  of  x,  cor- 
responding to  our  assumed  definite  value  of  c,  it  follows  that 
ylr(x  +  h,  c)  will  not  be  equal  to  0  for  any  continuous  series  of 
values  of  h  however  small ;  neither  then  will  log  -^  (a;  +  A,  c) 
retain  continuously  the  value  of  log  -^  {x,  c),  viz.  —  oo .  Thus 
the  numerator  of  the  fraction  in  the  second  member  being 
equal  to  the  difference  between  a  finite  and  an  infinite  quantity 
is  infinite,  and  the  limit  of  the  jfraction  therefore  infinite. 
Hence  we  conclude  that  a  singular  solution  considered  as 
derived  from  the  primitive  by  the  conversion  of  c  into  a  func- 
tion of  X,  satisfies  relatively  to  the  differential  equation  the 
condition 

dp 

dy 

And  in  the  same  way  it  may  be  shewn  that  a  singular  solu- 
tion derivable  from  the  primitive  by  the  conversion  of  c  into  a 

function  of  y  satisfies  the  condition  t-  (-J  =  x. 
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Changing  the  order  of  the  enquiry,  let  us  now  examine 
whether  there  exist  any  other  forms  of  solution  satisfying  the 

condition  ;7=°°>T"(")  =  *^-    ^  there  be,  it  will  be  made 

evident  that  more  is  involved  in  the  definition  of  a  singular 
solution  than  we  have  yet  recognized  in  our  processes  of 
deduction,  or  else  that  the  definition  must  be  enlarged. 

"Expressing  the  condition  ^^  =  oo ,  in  the  form 

e'»8|-" ('«>• 

we  observe  that  it  can  be  satisfied  only  in  one  of  two  ways, 
viz.  either  independently  of  c,  or  by  some  determination  of  c, 
and  if  the  latter  again  only  in  one  of  two  ways,  viz.  either  by 
the  determination  of  c  as  a  function  of  x,  or  by  the  determina- 
tion of  0  as  a  constant. 

We  may  pass  over  the  case  in  which  the  above  equation  is 
satisfied  independently  of  c,  because  the  relation  obtained 
would  involve  x  only,  whereas  it  has  been   shewn  that 

-^  =  00   leads  only  to  solutions  involving  y  at  least.    We 

may  also  pass  over  the  case  in  which  it  is  satisfied  by  the 
assumption  c  =  X,  because  such  a  value  of  c,  if  it  lead  to 
a  solution  at  all,  can  only  do  so  by  satisfying  the  condition 

^  —  0,  and  thus  lead  to  the  form  of  singular  solution  already 

investigated.  There  remains  only  the  case  in  which  the 
equation  (10)  is  satisfied  by  a  constant  value  of  c. 

Let  then  the  equation  (10)  be  satisfied  by  c  =  a.  The  most 
general  assumption  we  can  make  respecting  the  form  of  its 
first  member  is  the  following,  viz. 

where  <f>  (c)  is  a  function  of  c  which  becomes  infinite  when  c 
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assumes  the  constant  value  in  question,  and  -i^r  (x,  c)  does 
not  become  infinite  for  such  value.    Hence  the  most  general 

form  of  log  -f-U 

log ^  =U  (c)  f(x,c)dx=(l>  (c)  j^fr  {x, c)  dx. 

To  give  to  this  expression  the  utmost  generality,  we  must, 
on  eflfecting  the  integration  with  respect  to  a?,  add  an  arbitrary 
function  of  c.    Thus  we  shall  have 

log  ^  =  ^  {c)  I  jV  (a?,  c)dx  +  xm . 

Therefore  $^  =  €*  ^'^  {/*^*'  '^  dx+xio], 

dc 

or,  representing  the  function  l-^  (a?,  c)  dx  +  x  (p)  ^7  *  (^^  ^)> 

^  =  £*(e)»(«,c) (11), 

CLO 

This  is  the  most  general  form  of  -~ ,  as  determined  from 
the  primitive,  which  is  consistent  with  the  hypothesis  that 
-T-  log  -^  becomes  infinite  for  a  constant  value  of  a  Ac- 
cordingly if,  supposing  the  primitive  to  be  given,  we  sought 
to  determine  the  singular  solution  by  the  condition  ;r^  =  0, 
we  should  be  led  to  an  equation  of  the  form 

g*(c)»(aj,o)-_()^ 

or  ^(c)4>(a?,c)  =  - 00 (12). 

Now  this  equation  is  not  satisfied  by  any  value  of  c  which 
makes  ^  (c)  infinite,  unless  it  give  to  4>  (x,  c)  an  opposite  sign 
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to  that  of  (f)  (c).  But  this  indicates  in  general  the  existence 
of  a  relation  between  x  and  o.     Thus  suppose 

^.(c)  =  c,     ^  {x,  c)  =  a?. 
Then  (12)  becomes 

which  demands  that  c  should  receive  the  value  —  oo  or  +  oo  , 
according  as  a?  is  positive  or  negative.  In  either  case  c  is 
constant,  but  it  is  a  dependent  constant — dependent  for  its 

sign  upon  the  sign  of  x.    Thus  the  condition  -j-^^  Miay 

indicate  the  existence  of  a  species  of  singular  solution  derived 
from  the  complete  priniitive  by  regarding  c,  not  as  a  conti- 
nuous function  of  a*,  but  as  a  discontinuous  constant,  the  law 
of  its  discontinuity  being  however  such  as  to  connect  it  with 
the  variations  of  x, 

Ex.2.     Given    «=2^gJ?. 

Here  we  find 

|  =  l(l  +  logy).-.......... (13)/ 

which  is  inj&nite  if  y  =  0.  And  this  proves  on  trial  to  be  a 
solution  of  the  differential  equation,  the  true  value  of  the 
indeterminate  function  in  the  second  member  when  y  =  0 
being  0  (TQdhu^ter's  Diff.  Cal.  Art.  158).  Now  the  complete 
primitive  is  y  =  e**.  Hence  we  see  that  y  =  0  is  not  a  particu- 
lar integral  in  the  strict  sense  of  that  term.  The  value  to  be 
assigned  to  c  is  not  wholly  independent  of  x.  We  may  there- 
fore regard  y  =  0  as  a  singular  solution  satisfying  the  condition 
dp  ^ 
dy'^     " 

9.  We  have  said  that,  in  general,  the  equation  (12)  in- 
dicates the  existence  of  a  relation  between  x  and  c.  A  case 
of  exception  however  exists.  Representing  ^  (c)  by  C,  sup- 
pose <I>  (aj,  c),  expressed  in  terms  of  x  and  (7,  to  be  capable  of 
development  in  descending  powers  of  (7:  suppose,  too,  that 

B.  D.  E,  11 
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the  first  term  of  the  develapmesivt  is  of  the  form  AC^,  where 
A  is  constant  and  r  >  —  1.  Then  as  C  approaches  infinity, 
(12)  tends  to  assume  the  form 

indicating  that  (7,  and  therefore  c,  possesses  more  than  one 

value,  real  or  imaginary.     Here,  then,  the  condition  -^  =  oo 

would  accompany  a  solution  possessing  this  singukri^,  inz. 
that  it  corresponds  to  a  mvUiple  value  of  c,  the  arbitrary 
constant  in  the  complete  primitive.  It  is  in  fact  a  species  of 
rmiUiple  partioular  inteffrai. 

Ex.3.    Given   J)*— pa!y  +  y'logy  =  0. 
Here  ^^«y^y  V('^-*logy). 

therefore 


(14), 


dp^x  ±\/(a^-  41ogy)  1 

dy  2  V(ic*-41ogy) 

and  this  is  made  infinite  by ,3^  =  0  and  by  a^—  4  logy  ^  0,  that 

is  by  y  =  0,    y  =  e\ 

Both  these  satisfy  the  differential  equation,  and  the  second  is 
obviously  a  singular  solution.  To  determine  the  nature  of 
the  first  let  it  be  observed  that  the  complete  primitive  is 


y«=€^ 


-<j« 


and  that  this  reduces  to  y  =  0,  irrespectively  of  the  value  of  x, 
by  the  assumptions  c  =  +  00  and  c  =  —  00 .  Now  this  is  the 
only  case  in  which  two  particular  integrals  agree.  We  might 
in  any  case,  by  changing  in  the  complete  primitive  of  an 
equation  c  into  c*,  get  two  values  of  c  for  a  particular  integral, 
but  then  it  would  be  for  every  particular  integral.    It  is  only 

when  the  property  is  singular,  that  the  condition  -^  =  oo  ig 

satisfied. 
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It  k  obvious  tbat  one  negative  fea^ture  marks  all  the  cases 

in^  whicli  a  solution  involving  y  satisfies  the  condition  -^=00. 

It  is,  that  the  solution,  while  expressed  by  a  single  equation, 
is  not  connected  with  the  complete  primitive  by  a  single 
and  absolutely  constant  value  of  c.  In  the  first,  or  as  it 
might  be  termed  envelope  species  t>f  singular  solutions,  c  re- 
ceives an  infinite  number  of  diflFerent  values  connected  with 
the  values  of  a?  by  a  law.  In  the  second  it  receives  a  finite 
number  of  values  also  connected  with  the  values  of  a?  by  a 
law.  In  the  third  species  it  receives  a  finite  number  of  values, 
determinate,  but  not  connected  with  the  values  of  x. 

If  we  observe  that  all  the  above  cases,  while  agreeing  in 
the  point  which  has  been  noted,  possess  true  singularity,  we 
shall  be  led  to  the  following  definition. 

Definition.  A  singular  solution  of  a  differential  equation 
of  the  first  order  is  a  solution,  the  connexion  of  which  with 
the  complete  primitive  does  not  consist  in  the  giving  to  c  of 
a  single  constant  value  absolutely  independent  of  the  value 
of  ov 

Criterion  of  species. 

10.  It  is  a  question  of  some  interest  to  determine  whether 
a  given  singular  solution,  m  =  0,  of  a  difierential  equation,  is 
of  the  envelope  species  or  not. 

On  the  particular  hypotheses  assumed  in  Art.  7,  it  is  shewn 
that  singular  solutions  of  the  envelope  species  possess  the  fol- 
lowing fliaracter,  viz.  if  w=0  be  such  a  solution,  then  ^ 

becomes  infinite  though  containing  a  term  in  which  u  is 
presented  under  a  negative  index. 

Now  inquiries  which  are  scarcely  of  a  sufficiently  elemen- 
tary character  to  find  a  place  in  this  work,  indicate  (with  very 
high  probability)  that  this  character  is  universal  and  indepen- 
dent of  any  particular  hypothesis,  and  that  it  constitutes  a 
criterion  for  distinguishing  solutions  of  the  envelope  species 
from  others. 

11—2 
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As  an  example  of  an  hypothesis  different  from  that  of 
Art.  7,  let  us  suppose 

dy^       Q 

dc     log(c-Z)' 
which  vanishes  when  c  =  X. 

We  find 

dQ  dX 

d  ,      dy  _^dx  dx 

d^^^dc'l^^ic -X)  log (c-Aj • 

The  second  term  in  the  right-hand  member  becomes  inde- 
terminate when  c  =X,  but  its  true  value  is  ao  ,  and  it  assumes 
this  value  in  consequence  oi  c—  X  presenting  itself  with  a 

neoraitive  index.     We  remark  that  the  fraction  :; — ^^z  is 

log(c-X) 

one  which  vanishes  with  c  —  X  in  whatever  manner  c  —  X  ap- 
proaches to  0,--r-a  consideration  which  ie  quite  of  essential 
importance. 

Applying  the  above  criterion  to  some  of  the  previous  ex- 
amples, we  see  from  the  form  of  -^  in  Ex.  1,  Art.  7,  that  the 

singular  solution  belongs  to  the  envelope  species;  in  (13) 
Art.  8,  it  is  implied  that  the  solution  is  not  of  that  species  ; 
in  (14)  Art  9  two  species  are  indicated,  the  solution  y  =  0 
resulting  from  log  y  =  —  oo  being  not  of  the  envelope  species, 
while  the  other  solution  is  of  that  species, 

11.  The'  collected  results  of  the  above  analysis  are  con- 
tained in  the  following  theorem. 

Theorem.  The  singular  solutions  of  a  differential  equalion 
of  the  first  order  (Dei,  Art.  9)  consist  of  all  relations  which 
belong  to  one  or  both  of  the  following  classes ^  viz. 

1st.  Relations  involving  y,  with  or  without  x,  which  make 
-^  infinite  and  only  infinite,  and  satisfy  the  diffei^ential  equation. 
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2nd.    Relations  involving  x,  with  or  without  y,  which  make 

(f~  \l  ^'i/^^*^^  ^^^  only  infinite,  and  satisfy  the  differential 
equation. 

When  a  solution  as  ahove  defined  is  actually  obtained  by 
equating  to  0  a  factor  which  appears  under  a  negative  index  in 

the  expression  of -^  or -^(-\  it  may  he  considered  to  belong 

to  the  envelope  species  of  singular  solutions.  In  other  cases  it  is 
deducible  from  the  complete  primitive  by  regarding  c  as  a  con- 
stant of  multiple  value, — its  particular  values  being  either  '^st 
dependent  in  some  way  on  the  value  of  x,  or  2ndly  independent 
ofx,  but  still  such  as  to  render  the  property  a  singular  one. 

We  may  add  that  there  exist  cases  in  which  the  characters 
of  different  species  of  solutions  seem  to  be  blended  together. 

Thus  -^  may  admit  of  both  a  finite  and  an  infinite  value, 

indicating  a  duplex  genesis  of  the  solution  from  the  complete 
primitive.     It  may  also  happen  that  the  assumption  of  an 

infinite  value  by  -J-  may  be  attributed,  indifferently,  either  to 

a  negative  index  or  to  a  logarithm.  And  then  it  should  be 
inquired  whether  or  not  the  solution  is  of  the  envelope  species, 
but  marked  with  some  peculiarity  arising  from  a  breach  of 
continuity  in  the  mode  of  its  derivation  from  the  complete 
primitive. 

The  following  examples  are  intended  to  elucidate  particular 
points  either  of  theory  or  of  method. 

Ex.1.     Given  (l+aO(|y-a«^g  +  y*-l  =  0. 

This  equation,  first  discussed  in  Brooke  Taylor's  -Methodvs 
Incrementorum,  is  remarkable  as  having  afforded  the  earliest 
instance  of  the  actual  deduction  of  a  singular  solution  from  a 
differential  equation  (Lagrange,  Calcul  des  Fonctions,  p.  276). 
We  shall  first  explain  Taylor's  procedure,  and  afterwards 
apply  the  above  general  Theorem. 


166  EXAMPLES  OF  SINGULAR  SOLUTIONS.         [CH.  VIH. 

Taylor  diiferentiates  the  equation,  and  finding 

resolves  this  into  the  two  eq^uations 

(1  +a:^^-ary  =  0,      ^  =  0 (1). 

The  second  of  these  gives  y=»oar+6,  which  satisfies  the 
differential  equation  provided  that  5  ^  V(l  "^  ^*  Thus  the 
complete  primitive  is 

The  first  equation  of  (1)- gives,  on  eliminating  ^  by  means 
of  the  differential  equation, 

and  this  he  terms  the  sihgoIsEbr  solution  (singubiris  gwxdam 
solniia  problemaiis). 

To  apply  to  this  example  the  general  method,  we  find 

Hence,.       "r  ^  '*' .  1 1^^  *//* "    ^".'  -ixK 

Introducing  the  condition  ;;  =  Qo ,  we  should  apparently 
have  the  equations 

a    ^  ^      but  of  the  second  of  these,  as  it  does  not  involve  y  in  its 
^^.     ^'expcession,  no  atscaumt  is  to  be  takeiii.     The  first  making 

^  1^   M-^  infinite  whether  the  upper  or  the  lower  sign  be  taken,  and 

r^^^^  satisfying  the  differential  equation,  ia  a  singular  solution. 
Again,  as  also  it  is  derived  from  the  vanishing  of  &  function 
under  a  negative  index,  it  belongs  to  the  envelope  species. 
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W&  may  add  I3iat  it  might  be  found  but  less  readilj  from  the 
dx 


conditkm  ^  f- j  =  oo . 


The  following  example  is  intended  tp  illustrate  the  use  of 
the  latter  condition. 

Ex.2.    Given  ^ -a?--'. 

dx 

Hence^  sinoe  g = a"*,  the.  condition,  -f^  ^  oo.   qannot   be 

ay 

satisfied. 
The  condition  -y-  |  -  j  =  oo  gives 

and  this  is  satisfied  by  ^  »  0  if  9i  be  less*  than  1,  but  is  not 
satisfied  by  ^  =  0  if  r^  be  equal  to  or  greater  than  1. 

Now  the  differential  equation^  is.  satisfied  by  a; »  0,  whatever 
positive  value  we  give  to  n,  as  may  be  seen  by  expressing  it 

in  the  form  -5-  =a?*.    We  conclude  therefore  that  a;  =  0  is  a 

ay 

singular  solution  of  the  proposed  equation  if  n  be  positive  and 
less  than  1,  but  a  particular  integral  if  n  be  equal  to  or  greater 
than  1.  We  infer  too  that  tiie  solutioa^  whes)  singular,  be- 
longs to  the  envelope  species. 

In  verification,  it  may  betoksei^ved  that,  if  n  be  not  equal 
to  1,  the  complete  primitive  is 

y  =  , — r  +  ^' 
or 

Now  if  n  is  less  than.  I,,  the  index  in  the  second  member  is 
positive^  and  we  cannot  have  «  ^  O  unless  the  quantity  under 
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the  index  be  made  equal  to  0.    But  this  would  give  c  =  y. 
Hence,  a;  =  0  is  a  singular  solution. 

If  n  be  greater  than  1,  the  index  in  the  second  member 
being  negative  we  cannot  have  a;  =  0  unless  the  quantity 
under  the  index  becomes  infinite.  But  this  it  does  if  c  is 
infinite.     Here  then  a;  =  0  is  a  particular  integral. 

If  n  be  equal  to  1,  the  complete  primitive  is 

and  this  is  reduced  to  a;  =  0  by  the  assumption  c=  0.    Here 
then  also  a;  =  0  is  a  particular  integral. 

The  following  example  is  intended  to  illustrate  a  class  of 

problems  in  which  -~  admits  of  both  a  finite  and  an  infinite 

value. 

Ex.  3.     Given  p"  -  2xyip  +  4^^*  =  0. 
Here^we  find 

i>  =  ^i^*  ±  V(^V  -  %*) W- 

Therefore 


2yH    "A/(a^-4vi)J 


(2), 


dy     2yi  I    "  V(^  -  %*)- 

and  this  apparently  becomes  infinite  when  y  =  0,  and  when 
^2  -  4^i  =  0,  i.  e.  for 

X* 

Let  us  inquire  what  are  the  true  values  of  -J- . 

1st.     If  y  =  3-j^ ,  we  find,  on  substitution  and  reduction, 


dy     OS 


\ 
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which  becomes  infinite  whichsoever  sign  be  taken.  Hence, 
y  =  r^  is  a  singular  solution;  and,  from  the  mode  of  its  origin, 
it  is  of  the  envelope  species. 

2ndly.     If  y  =  0,  the  value  of  -^  in  (2)  bfedomes  infinite  if 

the  upper  sign  be  taken,  but  assumes  the  ambiguous  form  -  if 
the  lower  sign  be  taken.     To  determine  its  true  value,  we 

may  expand  the  fraction ^-r-  in  ascending  powers  of  ^^. 

We  thus  find 

which,  as  before,  gives  -^  =  oo  when,  taking  the  upper  sign, 
we  make  y  =  0,  but  on  taking  the  lower  sign  gives 

dp       1    /4y^ 


2 

=  -  +  terms  containing  positive  powers  of  y. 

2 

And  this  expression,  on  making  y  =  0,  assumes  the  value  - . 

These  results  lead  us  to  infer  that  the  solution  y  =  0, 
originates  in  two  distinct  ways  from  the  primitive,  which  is  in 
this  case  y  =  (?{x  —  c)^  It  is  evident  that  this  is  reduced  to 
y  =  0,  by  either  of  the  assumptions  c  =  0  and  c  =  a?.  Hence 
the  solution  y  ^  0  is  a  particular  integral 

At  the  same  time  it  is  to  be  noted  that  this  solution  pos- 
sesses all  the  geometrical  properties  of  a  singular  solution. 
The  complete  primitive  represents  an  infinite  system  of  para- 
bolas whose  axes  are  parallel  to  the  axis  of  y, — whose  vertices 
all  touch  the  axis  of  oo,  which  thus  constitutes  a  branch  of 
their  complete  envelope, — and  of  whose  parameters  each  is 
inversely  as  the  square  of  the  distance  of  the  corresponding 
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vertex  from  the  origin  of  co-ordinates^  The  neareF  any  par- 
ticular vertex  is  to  the  origin,  the  more  does  the  curve  to 
which  it  belongs  approach  to  a  straight  line;  and  the  curve, 
if  we  may  continue  thus  to  speak,  whose  vertex  is  at  the 
origin  coincides  with  the  axis  of  x  which  is  the  envelope  of 
the  series.  It  might  in  a  certaia  real  sense  be  said  that  the 
particular  and  the  general  are  here  united. 

The  following  example  shews,  though  by  no  means  in  13» 
most  extreme  case,  how  slight  may  be  the  d iffeefiim  ^eftwc^n 
a  singular  solution  and  a  particular  ijit^ad. 

^x.  4.    Given  a?  ^  =  y  (log  x  +  log  y  —  !)• 

Kepresenting  -—-  by  y,  we  have 

»(lQga?  +  logy-l). 

-P  X 

therefore  dpjogx^logy 

ay  m 

and  this  becomes  infinite,  1st,  if  y  =  0,  2ndly,  if  y  =  oo , 
Srdly,  if»=^a 

The  first  only  of  these  satisfies  the  differential  equation, 
the  assumption  y  =  0  reducing  the  indeterminate  function 
y  log  y  in  the  second  member  to  0  (Todhunter's  Differential 
CalcuLuSy  Art.  158).  We  conclude,  that  y=0  is  a  singular 
solution,  but  from  the  nature  of  its  origin  not  of  the  envelope 
species; 

Now  the  complete  primitive  is  y  =»  —  ,  and,  judging  from 

X 

this,  it  might  at  first  sight  seem  as  if  y  =  0  were  a  particular 
integral  corresponding  to  c  =  —  oo .  We  remark  however  that 
the  primitive  is  net  reduced  to  y  =  0,  by  the  assumption 
e  »  —  00 ,  wfdess  X  he  positive.  If  a?  is  negative  we  must  make 
e = +  00  to  effect  that  reduction.  In  fact,  the  value  of  c  which 
reduces  the  complete  primitive  to  the  form  y  =  0,  though  in- 
dependent of  X  in  aH  other  respects^  is  dependent  upon  x  for 
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its  sign,  which  must  always,  be  opposite  to  the  sign  of  x. 
And  this  connexion,  slight  as  it  is,  determines  the  character 
of  the  solution. 

The  following  example  illustrates  a  mode  of  procedure 
which  may  be  adopted  when  -^  presents  itself  in  the  am- 
biguous form  - ,  while  the  differential  equation  cannot  readily 
be  solved  with  respect  to^. 

Ex.  5.     Given  p"  —  4a?jp  +  8y*  =  0. 
Diflfemnliaiaqg  with  respect  tojf  and  jd^  we  find 

dp  ^  4ay-16y  .^. 

Equatmg  to  0  the  denominator,  we  have  V— — r—-,  and, 

substituting  this  value  in  the  diflferential  equation,  we  obtain 
a  result  resolvable  into  the  following  equations,  viz» 

.y  =  ^^'    y»0 .,..(2), 

either  of  which  satisfies  the  differential  equation.  On  substi* 
tution  in  (1),  the  former  of  these  values  of  y  makes  -^  infinite^ 
and  is  evidently  a  singular  solution.  The  latter  value  of  y 
reduces  -f-  to  the  form  7: . 

^  .  dp 

To  determine  the  real  value  or  values  of  -^  when  y  =  0,  we 

must  obtain  from  the  differential  equation,  regarded  as  a  cubic 
with  respect  to  p^  the  three  expressions  for  that  quantity  in 
ascending  powers  of  y,  substitute  them  in  the  second  member 
of  (1),  and  then  after  reduction  make  y  »  0. 

It  .will  somewhat  simplify  the  process  if  we  transform  the 
expressions  by  assuming  p  ^  ity^.    We  shall  have 

%     S^y-fljy* ' 


172  EXAMPLES  OF  SINGULAR  SOLUTIONS.        [CH.  VIII. 

while  the  differential  equation  will  become 

f-ic*  +  y*=-0 (4), 

which,  expressed  in  the  form 

X        X 

gives,  by  Lagrange's  theorem, 

\       \ 

X         X 

Substituting  in  (3),  and  retaining  those  terms  only  which 
contain  the  lowest  power  of  y,  we  have 

Such  is  the  value  of  -^  corresponding  to  the  value  of  t  which 

is  given  by  Lagrange's^theorem. 

That  value  of  t  vanishes  with  y.  Its  other  values  do  not 
vanish  with  y,  but  approach  the  limits  +  a?^  as  y  approaches 

to  0;  for  if  in  (4)  we  make  y  =  0,  we  find  0  and  +  x^  for  the 
corresponding  values  of  t  Now  if  in  (3)  we  make  y  =  0, 
^  =  ±  s/^i  we  have 

dp 

dy 

From  these  results  combined  we  infer  that  y  =  0  is  a  par- 
ticular integral,  possessing  the  geometrical  characters  of  a 
singular  solution.  It  originates  in  fact  from  the  complete 
primitive  y  =  c  (a?  —  c)*,  either  by  making  c  =  0  or  c  =  a:.  And 
that  primitive,  like  the  primitive  of  Ex.  3,  represents  a  system 
of  parabolas  enveloped  by  one  of  their  own  number. 

Setting  out  from  the  primitive  we  find 

d  .      dy  _^     1  1 

dx    ^  dc     x  —  c     x  —  Zc' 
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This  expression  becomes  infinite  when  c  =  ^  corresponding  to 

4 

the  singular  solution  y=:^x*,    Jt  becon^es  iofinite  when  c^x, 

2 
and  assumes  the  value  -  when  c  ^  0, — these  cases  belonging 

to  the  partioular  integral  y  =  0.  All  these  determinations  agree 

with  those  of  -4-  obtained  from  the  diflFerential  equation, 

•   The  following  is  an  ex^u^ple  of  ij.  specif  geon^etfic^l  pro- 
blem generalized. 

Ex.  6.     Determine  a  curve  such,  that  the  area  intercepted 
between  its  tangent  and  the  rectangular  co-ordinate  axes  shall 


a^ 


be  constant  and  equal  to  -^ . 

The  supposed  area  is  a  right-angled  triangle  whose  base  p.nd 
perpendicular,  being  the  intercepts  cut  off  by  the  tangents  from 

the  cor-ordinate  axes,  are  expressed  by  a  — ^,   and   tf^xp 

respectively.     We  bave  therefore 


(y-iPp)(«?-|)  =  a', 


Proceeding  in  the  usual  way  the  singula?  solution  will  be 
found  tQ  b^ 


a" 


^3^  =  i' 

representing  an  hyperbola,  while  the  complete  primitive  repre- 
sents the  series  of  taugenta  by  whose  sucpessive  intersection 
the  curvQ  is  generated. 

To  generalize  the  ^bove  problem  we  might  suppose  b>  func- 
tional relation  given  between  the  intercepts.  The  differential 
equation  would  assume  the  form 


tf-^xp 


A'-ti- 
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Its  complete  primitive  would  always  be  determinable  by  the 

method  of  Art.  9,  Chap.  vil.   Or,  since  a:  -  2?  =  -  V"^  ^  j^  jg 

-P  P 

ejasily  seen  that  the  equation  is  reducible  to  Clalraut's  form 

The  singular  solution  may  then  be  found  either  'as  in 
Chap.  VIL,  or  by  the  direct  application   of  the   condition 

Geometrical  problems  which  are  of  a  truly  symmetrical 
character  frequently  admit  of  this  kind  of  generalization. 

Remarks  on  the  foregoing  theory. 

12.  As  the  theory  of  the  tests  of  singular  solutions  which 
has  been  developed  in  this  Chapter  diflfers  in  many  material 
respects  from  any  that  have  been  given  before,  it  is  proper  to 
shew  in  what  its  peculiarity  consists.  To  this  end  it  will  be 
necessary  briefly  to  sketch  the  history  of  this  portion  of 
analysis. 

Leibnitz  in  1694,  Taylor  in  1715  (see  Ex.  1,  Art.  11),  and 
Clairaut  in  1734,  had  in  special  problems,  and  Euler  in  1756 
had  in  a  distinct  memoir  entitled  Exposition  de  quelques  Para- 
doxes du  Cahul  Integral,  examined,  more  or  less  deeply, 
various  questions  connected  with  the  singular  solutions  of 
differential  equations.  Taylor  in  particular  had  first  recog- 
nised the  distinctive  character  of  such  solutions  as  set  forth  in 
their  definition.  The  problem  of  the  deduction  of  the  singular 
solution  from  the  differential  equation  seems  however  to  have 
been  first  considered  in  its  general  form  by  Laplace.  The 
same  problem  was  subsequently  investigated  in  a  different 
manner  by  Lagrange,  and  again  in  a  still  different  way  by 
Cauchy.  The  state  of  the  theory  up  to  the  present  time  will 
be  adequately  represented  by  a  summary  of  the  results  to 
which  these  several  investigations  have  led. 

1st.  Laplace  {M^moires  de  VAcadhnie  des  Sciences,  1772), 
employing  the  method  of  expansions,  arrived  at  results  which 
agree,  so  far  as  they  go,  with  those  of  this  Chapter.     They 
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apply  only  to  the  enyelope  apecies  of  solutions,  and  the  demon- 
strations of  them  rest  essentially  on  the  hypothesis  expressed 
in  (6),  Art.  7. 

Lagrange,  with  whom  originatied  a  more  fundamental  idea 
of  the  method  of  the  inquiry,  was  led  to  the  less  exact  criteria 

dp  dp 

— ^  =  00       — ^  ^  00  , 

dy         '  dx 
{CaLcul  des  FonctionSy  Le9ons  xiv — xvii.) 

Cauchy,  whose  method  was  founded  on  the  study  of  the 
cases  of  failure  of  certain  processes  for  obtaining  the  complete 
primitive  in  the  form  of  a  series,  was  led  to  the  conclusion 
that  a  singular  solution  must  satisfy  one  of  the  two  following 
conditions,  viz. 

^  _  0       dp  _ 

together  with  a  certain  further  condition,  the  application  of 
which  depends  upon  a  process  of  integration  (Moigno,  Calcvi, 
Vol.  n.  p.  435). 

XJpon  these  results  tlie  following  observations  may  l)e  made, 

1st  Although  Xaplace  recognised  the  necessity  of  employ- 
ing in  certain  cases  the  condition -t-(-j^oo,  for-^  =  oo, 

subsequent  writers  who  have  employed  his  imethod  seem  to 
have  invariably  omitted  this  qualification. 


2ndly.    The  supposed  criterion  -^  ±=  oo ,  introduced  by  La- 
grange, and  since  very  generally  adopted,  as  the  proper  accom- 

dp 
paniment  of  -^  =  go  ,  is  erroneous.    If  we  should  apply  it  to 

Ex.  2,  Art.  11,  viz.  p  «:  oT*^  we  should  be  led  to  the  conclusion 
that  a;  =  0  is  a  singular  solution  whenever  n  is  positive.  We 
have  seen  however,  both  from  the  application  of  the  true  test, 
and  by  verification  from  the  complete  primitive,  that  a?  =  0  is 
a  singular  solution  only  when  n  is  less  than  1. 
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The  principle  of  Lagrange's  method  was  the  same  as  that 
adopted  in  the  present  Chapter,  and  consisted  in  expressing  | 

and  -^  as  derived  from  the  differential  equation,  by  means  of 

dififerential  coefficients  derived  from  the  complete  primitive 
before  the  elimination  of  c.  The  fallacy  which  vitiated  his 
results  consisted  in  assuming  that  these  expressions  become 
infinite  in  consequence  of  the  appearance  of.  a  vanishing  factor 
in  their  denominators  {Calcul  des  Fonctions,  pp.  229,  232). 
Mpigno,  the  expositor  of  Cauchy's  views,  also  quotes  La- 
grange's method  and  results  as  presented  by  Caraflfa,  but 
without  involving  any  essential  variation  {Calcul,  Tom.  Ii. 
p.  719)f  Professor  De  Morgan,  in  perhaps  the  latest  publi- 
cation on  the  subject,  adopts  Lagrange's  results,  expressing, 
however,  only  a  qualified  confidence  in  his  method  {Gam- 
bridge  Philosophical  Transactions,  Vol.  IX.  Pt.  ii.  "  On  some 
points  of  the  Integral  Calculus").  And  he  illustrates  these 
results  by  geometrical  considerations  which  are  sufficient  to 
shew  that  they  contain  at  lesirSt  a  considerable  element  of 
truth.    Nor  should  this  be  thought  surprising.    For  it  is  plain 

that  Lagrange's  condition  -^  =  op ,  and  the  true  condition 

—  f-j  =  go,  are  equivalent,. except  when  the  singular  polu- 

tion  mp,kes  p  assume  one  of  the  fprpis  0  and  QP  •  And  such 
cases  do  exist  Perhaps  the  peculiar  difficulty  of  this  subject 
h^s  consisted  in  the  faint  and  shadowy  character  of  tbe  line 
by  which  truth  and  error  are  separated. 

13.     Of  Cauchy's  tests  the  first,  viz.  -j   =^7^>  D^ay  certainly 

be  set  aside,    Whenever  -^  assumes  an  ambiguous  form  its 

true  value  or  values  must  be  detennined.  This  is  illustrated 
in  some  of  the  foregoing  examples^  Professor  De  Morgan's 
observations  on  this  subject  in  the  memoir  above  referred  to, 
are  deserving  of  attention.  The  final  criterion,  which  is  peculiar 
to  Cauchy  s  theory,  seems  to  be  founded  upon  what  we  cannot 
but  regard  as  an  unauthoriaed  position  as  to  the  meaning  of 
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a  singular  solution.  Thus  y  =  0,  the  solution  deduced  by  the 
criterion  ;;   ==  ^  from  the  differential  equation^  =  y  log y,  is 

regarded  by  Cauchy  as  a  particular  integral.  Now  although 
when  X  is  real  the  complete  primitive  log  y  =  cs*  reduces  to 
y  =  0  by  the  assumption  c  =  -  oo ,  it  does  not  necessarily  do 
so  when  x  is  imaginary.  Thus,  if  a?  =  7rV(— 1)>  we  must 
make  c  =  oo ,  in  order  to  give  jr  =  0.  Cauchy's  rule  seems  in- 
deed to  have  been  designed,  contrary  to  the  general  spirit  of 
his  own  writings,  to  exclude  the  consideration  of  imaginary 
values. 

Properties  of  Singular  Solutions. 

14.  Various  properties  of  singular  solutions  of  the  en- 
velope species  have  been  demonstrated*  Of  these  we  shall 
notice  the  most  important. 

1st.  An  exact  differential  equation  does  not  admit  of  a 
singular  solution. 

Let  the  supposed  equation  be 

dx  dy      dx       * ^  ^^ 

and  let  y  =/(«;)  be  a  relation  actually  satisfying  it  and 
assumed  to  be  singular.  On  this  assumption  the  primitive 
<f>(xyy)=!C  must,  on  substituting  for  y  its  value /(a;),  deter- 
mine c  as  a  function  of  x  and  not  a  constant.  Let  F{x)  be 
the  value  of  c  thus  determined,  then  ^  (x,  y)=F  (x),  whence 

#(a?,y)  .  d4{x,y)dy ^dF{x)  ,  • 

dx  dy      dx        dx    ^  '^' 

dF(x) 
whigh  contradicts  (1),  since  -   J^-^  cannot  be  permane^tly 

equal  to  0,  unless  F{x)  is  constant. 

2ndly.  It  follows,  directly  from  the  above  that  a  singular 
solution  of  a  differential  equation  of  the  first  order  and  degree^ 
makes  its  integrating  factors  infinite. 

For  let  the  proposed  equatioti  b6     .  - 

Mdx  +  My^O.^..., (% 

B.D.E,  12 
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and  let  fi  be  an  integrating  factor.    Then 

fi{Mdx-^Ndy)^0 (4), 

will  be  an  exact  differential  equation.  Hence,  a  singular 
solution  of  (3),  while  it  makes  the  first  member  of  that 
equation  to  vanish,  will  not  make  the  first  member  of  (4)  to 
vanish.  Now  comparing  these  members,  this  can  only  be 
through  its  making  /x  infinite. 

Ex.     The  equation  ^  +  y ;/   = ;/  V(^  +  ^  —  a*)  has  for  its 
singular  solution  a?'  +  y*  =  a*.     An  integrating  factor  is 

and  this  the  singular  solution  evidently  makes  infinite.  Mul- 
tiplying the  equation  by  its  integrating  factor  and  transposing 
we  have  the  exact  differential  equation 


8\  J^         ^> 


V(S^r^-a^     dx 


and  this  is  not  satisfied  by  a;'  +y  =  a',  the  singular  solution 
of  the  unrestricted  differential  equation. 

Srdly.  Even  when  we  are  unable  to  discover  its  integrating 
factor,  a  differential  equation  may  he  so  prepared  as  to  cease  to 
admit  of  a  given  singular  solution  of  the  envelope  species. 

This  proposition  is  due  to  Poisson,  and  the  following 
demonstration,  which  is  purposely  given  in  order  to  illustrate 
the  nature  of  the  assumption  usually  employed  in  the  theory 
of  singular  solutions,  does  not  essentially  differ  from  his. 

Let  us  represent  the  singular  solution  by  t«  ==  0,  and  trans- 
form the  differential  equation  by  assuming  u  and  x  as  varia- 
bles in  place  of  y  and  x.  Suppose  the  new  equation  reduced 
to  the  form 

P=/(a?,u) (5), 

where  p  stands  for  -r- .. 
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This  equation  is  either  satisfied  or  not  satisfied  by  u  =  0* 

If  it  is  not  satisfied,  the  preparation  in  question  has  already 
been  effected. 

If  it  is  satisfied,  the  second  member/(a?,tt)  contains  some 
positive  power  of  w  as  a  factor.  Assuming  that  it  can  be 
developed  in  ascending  positive  powers  of  u  it  becomes 

where  -4,  B,  G,  &c.  are  functions  of  x. 

Now,  for  a  singular  solution  -^  =  oo .    Hence  w  =  0  must 

render 

-4att*-^  +  B^vfi-^  +  &c.  =  00 . 

But  this  demands  that  there  should  exist  at  least  ond 
negative  power  of  u  in  the  above  development;  therefore 
a  —  1,  which  is  the  lowest  index,  must  be  negative ;  therefore 
a  being  already  positive  must  fall  between  0  and  1. 

Hence  we  are  permitted  to  express  the  differential  equa- 
tion in  the  form 

where  a  is  a  positive  fraction,  and  Q  does  not  involve  u  either 
as  a  factor  or  as  a  divisor. 

Dividing  by  u%  we  have 

or  I :r^      =Q• 
1  —  a  ao? 

Now  u=^0  makes  w^"*  =  0,  since  1  —  a  is  positive.  Hence 
the  first  member  of  the  above  equation  vanishes,  while  the 
second,  not  containing  m  as  a  factor,  does  not  vanish.  In  its 
present  form  then  the  equation  is  no  longer  satisfied  by 
u  =  0. 

We  see  also  that  the  property  of  being  satisfied  by  w  =  0 
has  been  lost  in  consequence  of  a  transformation  which, 
exhibiting  the  singular  solution  in  the  form  of  a  distinct  alge- 
braic factor  of  the  equation,,permitted  its  rejection.  See  Art.  1. 

12-2 
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It  has  been  shewn  in  the  remarks  on  Clairaut's  equation  how, 
in  the  process  of  ascending  by  diflferentiation  to  an  equation 
of  a  higher  order,  a  somewhat  analogous  efifect  is  produced, 
the  singular  solution  seeming  to  drop  aside  under  changed 
conditions. 

4thly.  Lagrange  has  noticed  that  a  singular  solution  vnll 
generally  make  the  value  of-^^ ,  cw  deduced  from  the  differen- 
tial equation,  a^ssume  the  ambiguous  form  r:.  His  demonstra- 
tion, in  the  statement  of  which  we  shall  endeavour  to  exhibit 
distinctly  the  assumptions  which  it  really  involves,  is  sub- 
stantially as  follows.  Let  the  differential  equation  expressed 
in  a  rational  and  integral  form  be 

F(x,y,p)=^0 (1), 

then  differentiating 

dF,      dF  J      dFj      ^ 

„  dp        dF    dF  .^. 

Hence  ^  =  — ^j---5-:j-=  oo (3). 

dy         ay     dp  ^  ' 

Now  F  being  rational  and  integral,  -j-  and  -r-  are  so  also, 
and  therefore  the  above  can  only  become  infinite  for  finite 
values  of  ar,  y,  and  p^  by  supposing  ;t-  =  0.  This  reduces  (2) 
to  the  form 

g&+^|i,=«... (*]. 

Now,  as  obtained  from  the  differential  equation, 

dj?     dx     dy  dx 

dF     dFdy 
^     dx      dy  dx 

IF       ' 

dp 


r  ^-<  i    -  jLgJ. 
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an  expression  which  the  previous  results  reduce  to  the  form  ^  . 

We  may  remark  that  the  condition  -j=<^  does  not  involve 

as  a  consequence  f^  =  oo  in  (2),  so  as  to  affect  the  legitimacy 

of  the  deduction  of  (4).     For -7^  =  00  expresses  a  conditional 

proposition,  whose  antecedent  is  :  If  a?  be  constant.     Now  in 
the  deduction  of  (4)  x  is  not  supposed  to  be  constant. 

Lagrange's  demonstration  is  certainly  only  applicable  to 
the  envelope  species  of  singular  solutions.  Of  such  sohitions 
it  expresses  however  an  interesting  propetty.  For  the  dif- 
ferential equation  being  geometrically  common  both  to  the 
locus  of  the  singular  solution  and  to  the  locus  of  each  parti- 
cular primitive,  the  ambiguity  of  value  of -r^  ^^  the  point  of 

contact  shews  that  that  contact  is  not  generally  of  the  second 
order. 

In  like  manner,  jP(ar,y,^)  still  being  supposed  rational  and 
integral,  the  equation 

dFjxy^p)^^ 

dp 

shews  by  the  theory  of  equations  that  the  existence  of  a 
singular  solution  implies  in  general  the  existence  of  a  series 

of  points  for  which  two  values  of  -— ,  usually  different,  come 

to  agree,  viz.  the  values  of  -p  in  any  particular  primitive, . 
and  in  the  singular  solution. 

15.    Mr  De  Morgan  has  made  the  very  interesting  remark, 

that  when  the  condition.-r-  =  00 ,  or  -f^  (in  strictness  j-  -.)  =  00  , 

ay  dx\  dxpj 

does  not  lead  to  a  solution  of  the  differential  equation,  what  it 

does  lead  to  is  the  equation  of  a  curve  wliich  constitutes .  the 

locus  of  points  of  ii]dnite  curvature  (most  commonly  cusps) 
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in  the  system  of  curves  represented  by  the  complete  primitive 
{Trcmsactions  of  the  Cambridge  Philosophical  Society,  Y6L  ix. 
Part  n.).  Geometrical  illustrations  will  be  found  in  the 
memoir  referred  to. 


EXERCISES. 

!•  Hie  complete  primitive  of  a  diflTerential  equation  is 
y+c^VC^+y*""^*)*  where  c  is  the  arbitrary  constant.  Shew 
that  the  singular  solution  is  a?*  +  y*  =  o',  and  that  it  may  be 
connected  with  the  primitive  by  either  of  the  equivalent  rela- 
tions c  =  —  y  and  c  =  ^{a*  —  a?). 

2.  Why  is  the  above  singular  solution  deducible  by  the 

'  dx  di/ 

application  of  either  of  the  conditions ^  =  0»  TT^^^ 

3.  Expressing  the  primitive  in  Ex.  1  in  a  rational  and 
integral  form  0  (a?,  y,  c)  =  0,  deduce  the  singular  solution  by 

the  application  of  the  condition  ;t-  =  0, 

4.  The  complete  primitive  of  a  diflTerential  equation  being 
^  -.  0(  Bs  (^  —  c)",  shew  that  the  singular  solution  is  deducible 

dSR  m 

by  the  application  of  the  condition  ;t-  =  0  but  not  by  that  of 
the  condition  -, -  =  0,  and  explain  the  circumstance. 

5.  The  differential  equation,  whose  complete  primitive  is 
given  in  Ex.  1,  may  be  exhibited  in  the  form 

{a?  —  a*)  jp"  —  2xyp  —  0:*=  0. 

Hence  also  deduce  its  singular  solution  and  thereby  verify 
the  previous  result. 

6.  Form  the  differential  equation  whose  complete  primitive 
is  given  in  Ex.  4>  and  shew  that  the  singular  solution  is  de- 

ducible  by  the  application  of  the  condition -7-  -  =  00  but  not 

vlbilC  p 
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by  that  of  the  condition  ^^  =  x ,  and  explain  this  circum- 
stance. 

7.  Shew  that  the  singular  solutions  in  the  last  two  ex- 
amples are  of  the  envelope  species. 

8.  The  differential  equation  y = |)4?  H — (Ex.  2,  Art.  6) 

jj 

has  y  =  ca;  H —  for  its  complete  primitive,  and  y'  =  4ma?  for  its 

singular  solution.    Verify  in  this  example  the  fundamental 

,  ..      do      rf  ,     c?v 
relation  -f-^-r^og-f. 
ay     ax    ^  do 

9.  Deduce  both  the  singular  solution  and  the  complete 
primitive  of  the  differential  equation  y  =px  +  V(&*  +  ^!p*)>  ^^^ 
interpret  each,  as  well  as  the  connexion  of  the  two,  geometri- 
cally. 

10.  The  following  differential  equations  admit  of  singular 
solutions  of  the  envelope  species.     Deduce  them. 

11.  The  equation  (1  —  aj^p  +  rry  —  a  =  Ois  satisfied  by  the 
equation  y^ax.  Is  this  a  singular  solution  or  a  particular 
integral  ? 

12.  The  equation  y=^  is  satisfied  by  y  =  0,  which  also 

makes  -^  [  -  j  =  oo .'  Nevertheless  y  =  0  is  a  particular  inte- 
gral. Shew  that  this  conclusion  is  in  accordance  with  the 
general  theorem  (Art.  11). 

13.  The  equation  p  (oj*  —  1)  =.2ary  log  y  has  a  singular 
solution  which  is  not  of  the  envelope  species.     Determine  it. 
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14.  Determine  also  the  complete  primitive  in  the  last  ex- 
ample^ and  shew  how  the  singular  solution  arises. 

15.  The  equation 

is  satisfied  by  y  =»  0.    Shew  that  this  is  a  singular  solution 
but  not  of  the  envelope  species. 

16.  Find  singular  solutions  of  each  of  the  following  equa- 
tions, and  determine  whether  or  not  they  are  of  the  envelope 
species. 

1.  /  +  2paj'  =  4a;Y 

2.  a2>'-2yp+4a:  =  0. 

3.  ay  =  w  {a:*+(y— aj")  log  (y  — 0?*)}. 


Geometrical  Applications^ 

In  solving  the  following  problems,  the  diflferential  equation 
being  formed,  its  complete  primitive  as  well  as  its  singular 
solution  is  to  be  fouud  and  interpreted. 

17.  Determine  a  curve  sUch  that  the  sum  of  the  intercepts 
made  by  the  tangent  on  the  axes  of  co-ordinates  shall  be 
constant  and  equal  to  a. 

18.  Determine  a  curve  such  that  the  portion  of  its  tangent 
intercepted  between  the  axes  of  £cand  y  shall  be  constant  and 
equal  to  a. 

19.  Find  a  curve  always  touched  by  the*  same  diameter  of 
a  circle  rolling  along  a  straight  line. 

20.  Find  a  curve  such  that  the  product  of  the  perpendicu- 
lars from  two  fixed  points  upon  a  tangent  shall  be  constant. 
(Euler.    See  Lagrange,  CcUc.  des  Fondions,  p.  282.) 
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(Representing  the  product  by  A:*,  and  the  distance  between 
the  given  points  by  2m,  making  the  axis  of  x  coincide  with 
the  straight  line  joining  them  and  taking  for  the  origin  of 

co-ordinates  the  middle  point,  the  differential  equation  is 

• 

y-(x  +  m) p}  (y  -(x-m)p}_  „ 

1  +i) 

Its  singular  solution  is 

21.  Deduce  also  the  bomplete  primitive  of  the  above  dif- 
ferential equation, 

22.  If  the  primitive  of  a  differential  equation  be  expressed 
in  the  form  <j>  (x,  y,  a)  =  0,  the  condition  ^  =  0  may  be  ex- 

pressed  iu  the  form  ^'-3^0  ^  #  (^>  y>  a)  ^  ^     j^   ^ 
^  da  ay  ' 

Hence  it  has  sometimes  been  laid  down  that  ^^%i^=  x 

dy 

will  lead  to  a  singular  solution.     Raabe,  in  Crelles  Journal 

( Ueber  singuldre  integrate,  Tom.  48),  points  out  that  this  rule 

may  fail  if  at  the  same  time    ^  ^J  ^'      should  become  in- 
finite.    Can  it  fail  in  any  other  case? 

23.  Exemplify  Raabe's  observation  in  the  equation 

a?  +  c-V(6cy-3c')=0, 

which  is  the  complete  primitive  of  So^)"  — 6jj)  +  a;  +  2y=  0. 
At  the  same  time  shew  that  the  singular  solutions  are 

y  —  a?  =  0  and  3^  +  a;  =  0.     {Crelle,  lb,) 

24.  The  complete  primitive  of  a  differential  equation  is 

(c-  0?  +  2^)' -  3  (a?  +2^)  (c  -  x+yy  -h  1  =  0. 
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Representing  its  first  member,  which  is  rational  and  integral, 
by  ^,  the  condition  t^  =  0  assumes  the  form 

3(c-aj  +  y)(c-3a:-y)=0. 

Shew  that  c—  a?4-y  =  0  will  not  lead  to  a  solution  of  the 
diflferential  equation  at  all,  while  c— 3a;  — y  =  0  will,  and 
explain  this  circumstance  by  a  reference  to  Art  4. 

Note.  The  reader  is  reminded  that  in  aU  references  to  the  general  con- 
ditions ^=<3o  and  3~  (~  )  =  ®»  ^0  ®  means  simply  *< infinity'*  irrespee- 
tively  of  sign.    See  General  Theorem,  Art,  11. 
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CHAPTER  IX. 

ON  DIFFEEENTIAL   EQUATIONS    OF    AN   OEDER  HIGHEE  THAN^ 

THE  FIRST. 

1.  The  typical  form  of  a  differential  equation  of  the  n^ 
order  is  given  in  Chap.  i.  Art.  2.  We  may,  by  solving  it 
algebraically  with  respect  to  its  highest  differentisd  coeflScient, 
present  it  in  the  form 

Its  genesis  from  a  complete  primitive  involving  n  arbitrary 
constants  has  been  explained,  Chap.  i.  Art.  8. 

Conversely,  the  existence  of  a  differential  equation  of  the 
above  type  implies  the  existence  of  a  primitive  involving  n 
arbitrary  constants  and  no  more ;  and  a  primitive  possessmg 
this  character  is  termed  complete. 

The  converse  proposition  above  stated,  is  on©  to  which 
various  and  distinct  modes  of  consideration  point,  but  con- 
cerning the  rigid  proof  of  which  opinion  has  differed.  The 
view  which  appears  the  simplest  is  the  following.  If,  as  in 
Chap.  II.  Art.  2,  we  represent  by  A<^  {x)  the  increment  which 
the  function  ^  (pc)  receives  when  x  receives  the  fixed  incre- 
ment A^,  and  if  we  go  on  to  represent  by  A^^  {x)  the  incre- 
ment which  the  function  A<^  {x)  receives  when  x  again  receives 
the  same  fixed  increment  Aa?,  and  so  on,  then  it  is  evident 
that  the  values  of  A(f>{x),  A'<^(a;),  &c.,  are  fully  determinable 
if  the  successive  values  of  the  function  <l>{x)  in  its  successive 
states  of  increase  are  known.    Thus  since 

A^(a7)  =  ^(a?  -h  Ax)  —  ^(x), 

we  have  by  definition 

AV(a?)  =  A  {<^  (a?+ Aa;)  -  ^(a:)} 

=  {^(x  +  2Ax)  -  if>{x  +  Ax)]  -{<f>{x  +  Ax)  -  4>(x)} 

==  ^(a?+  2Aa?)  -  2^(a?  +  A^a?)  +  ^(x), 
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and  so  on.     Conversely  if 

<f>(x),  A^(ar),  A^<j>(x),  &c. 

are  given,  the  successive  values  of  the  function  <}>(x),  viz.  the 
values  <l>(x-{-Ax),  <^(a;  +  2A^),  &c.,  are  thereby  made  deter- 
minate. Geometrically  we  may  represent  0  (x)  by  y,  the  ordi- 
nate of  a  curve,  or  of  a  series  of  points  in  the  plane  x,y,  and 
therefore  functionally  connected  with  the  abscissa  x. 

Now  the  view  to  which  reference  has  been  made  is  that 
which,  1st,  presents  the  differential  equation  (1)  as  the  limit- 
ing form  of  the  relation  expressed  by  the  equation 

^ 

Ax^~^[^'  y'  Ax'   Ax'""Aar''J ."-^  ^' 

Ax  approaching  to  0 ;  2ndly,  constructs  the  latter  equation 
in  geometry  (the  arithmetical  or  purely  quantitative  construc- 
tion being  therein  implied)  by  a  series  of  points  on  a  plane,  of 
which  the  first  n,  viz.  those  which  answer  to  the  co-ordinates 
XfX  +  Ax, ...  a;  +  (/I  —  1)  Ax,  have  the  corresponding  values  of 
y  arbitrary,  while  for  all  the  rest  the  values  of  y  are  deter- 
iriined ;  Srdly,  represents  the  solution  of  the  differential  equa- 
tion as  the  curve  which  the  above  series  of  points  in  their 
limiting  state  tend  to  form.  According  to  this  view,  the  n 
arbitrary  points  in  the  constructed  solution  of  the  equation  of 
differences  (2)  give  rise  to  one  arbitrary  point  in  the  limiting 
curve,  accompanied  by  n  —  1  arbitrary  values  for  the  first 
w  —  1  differential  coefiicients  of  its  ordinate.  And  this  mode 
of  consideration  appears  the  simplest,  because  it  assumes  no 
more  than  the  definition  itself  demands  of  us  when  we  attempt 
to  realize  the  geometrical  meaning  of  a  differential  coefficient 
as  a  limit.  We  may  however  add  that  when  by  the  consi- 
deration of  the  limit,  the  mere  existence  of  a  primitive  has 
been  established,  other  considerations  would  suflBce  to  shew 
that  in  its  complete  form  it  will  involve  w  arbitrary  constants 
and  no  more.  The  fact  that  each  integration  introduces  a 
single  constant  is  a  direct  indication  of  the  fact.  An  indirect 
proof  of  a  more  fQi:mal  character  will  be  found  in  a  memoir 
by  Professor  De  Morgan  {Transactions  of  the  Cambridge  Phi- 
losophical Society f  Vol.  ix.  Pt.  ii.)^ 
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The  above  theory  may  be  illustrated  by  the  form  in  which 
Taylor's  Theorem  enables  us  to  present  the  solution  of  a 
differential  equation  of  the  n^  order,  as  will  be  seen  in  the 
following  Article. 

Solution  by  development  in  a  series. 

9 
«• 

^  2,     Reducing  the  proposed  equation  to  the  form 

dy  _^(        dy       dJ"'^  ,  . 

I 

and  diflFerentiating  with  respect  to  a?,  the  first  member  becomes 
-ri^i  >  while  the  second  member  will  in  general  involve  all 

the  differential  coefficients  of  y  up  to  -r-^ .     If  for  the  last  we 

substitute  its  value  given  in  (3),  the  equation  will  assume  the 
form 

Thus  -i—u^i  is  expressible  in  the  same  manner  as  -j~ ,  viz.  in 

CbJC  «      CLJi 

terms  of  Xy  y,  and  the  first  n  —  1  differential  coefficients  of  y. 

Differentiating  (4)  and  again  reducing  the  second  member 
by  means  of  (3)  we  have  a  result  of  the  form 

d'^y  _^(        dy       d*'M  .^. 

and  in  this  form  and  by  the  same  method  all  succeeding  dif- 
ferential coefficients  may  be  expressed. 

Hence  reasoning  as  in  Chap.  il.  Art.  12,  we  see  that  sup- 
posing y  to  be  developed  in  a  series  of  ascending  powers  of 
x—x^y  where  x^  is  an  assumed  arbitrary  value  of  x,  the  co- 
efficients of  the  higher  powers  of  a;  —  x^  beginning  with  (x  —  x^^ 
will  have  a  determinate  connexion,  established  by  means 
of  the  differential  equation,  with  the  coefficients  of  the  inferior 
powers  of   x  —  x^.     The  latter  coefficients,  w  in  number, 
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beginning  with  the  constant  term  which  corresponds  to  the 

index  0,  and  ending  with  ^    ^   ^ — -, r-.  -r—i ,  which  is  the 

°  1.2.3...(w— 1)  ete^  * 

coefficient  of  (a?  —  fl?o)*"S  "^^  ^®  perfectly  arbitrary  in  value. 

To  exhibit  the  actual  form  of  the  development  let  yo»yi>*"* 
y»-i  ^®  *^^  arbitrary  values  assigned  to  y,  ;p , ...  3Z^^  when 

aj  =«  a?^.  Also  let/,/^,^,  &c.  represent  the  values  which  the 
second  members  of  the  series  of  equations  (3),  (4),  (5)  assume 
when  we  make  in  them  x^x^\  then 

In  this  expression  the  arbitrary  values  of  y  and  its  n  —  1 
first  differential  coefficients  corresponding  to  an  assumed  and 
definite  value  of  x,  viz.  yo»  yp  •••  y«-i  ^®  ^1^^  ^  arbitrary  con- 
stants of  the  solution,  the  values  of /^,^^j,  &c.,  being  deter- 
minate functions  of  these,  and  therefore  not  involving,  any 
arbitrary  elepient. 

Any  function  of  arbitrary  constants  is  itself  an  arbitrary 
constant;  and  thus  it  may  be  that  an  equation  has  effectively  a 
smaller  number  of  arbitrary  constants  than  it  appears  to  have 
from  the  mere  enumeration  of  its  symbols.  As  a  general  prin- 
ciple we  may  affirm,  that  the  number  of  effective  arbitrary 
constants  in  the  solution  of  a  differential  equation  while  on  the 
one  hand  equal  to  the  index  of  the  order  of  the  equation,  is  on 
the  other  hand  to  be  measured  by  the  number  of  conditions 
which  they  enable  us  to  satisfy.  Systems  of  conditions  to  be 
thus  satisfied  will  indeed  vary  in  form,  but  there  is  one 
system  which  we  may  consider  as  normal  and  to  which  all 
other  systems  are  in  fact  reducible.  It  is  that  which  is  de- 
scribed above,  and  which  demands  that  to  a  given  value  of  x 
a  given  set  of  simultaneous  values  of  y  and  of  its  differential 
coefficients  up  to  an  order  less  by  1  than  the  order  of  the 
•equation  shall  correspond.  Conversely,  the  arbitrary  constants 
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of  a  solution  may  be  said  to  be  normalj  when  they  aciuallj 
represent  a  simultaneous  system  of  values  of  y  and  its  succes- 
sive diflferential  coefficients  up  to  the  number  required. 

Ex.    Given  jr^^zj   '^y**    Required  an  expression  for  y 

in  the  form  of  a  series  such  that  when  aj  =  0,  y  and  -^  shall 
assume  the  respective  values  of  c  and  c\ 
DiflTerentiating,  we  have 

=  -^  +  2/'  +  2y  ^ ,  by  the  given  equation, 

by  similar  reduction,  and  so  on.  Hence,  corresponding  to  a?=0, 
we  have  the  series  of  values, 

g=.<^  +  (l  +  2c)c'. 

^,  -  c'  +  2c»  +  (1  +  4c)  0  +  2c", 
and  so  on.    Hence, 
y^e  +  cx  +  — 2 — ar 

<^-^{l  +  2c)c'        <?  +  2<?  +  (l  +  ic)c'^2c- 
^  2.3  ^  2.3.4  ^ 
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Finitely  Integrable  Forms. 

3.  As  the  diflSculty  of  the  finite  integration  of  diflferential 
equations  increases  as  their  order  is  more  elevated,  it  becomes 
important  to  classify  the  chief  cases  in  which  that  difficulty 
has  been  overcome. 

It  will  be  found  that  for  the  most  part  these  cases  are 
characterized  by  some  one  or  more  of  the  following  marks, 
viz.  Ist,  Linearity,  -the  coefficients  being  at  the  same  time 
either  constant  or  subject  to  some  restriction  as  to  form ; 
2ndlv,  Absence  of  one  or  more  of  the  variables  or  their  diflfer- 
ential coefficients ;  Srdl}',  Homogeneity;  4thly,  Expressibility 
in  the  form  of  an  exact  differential  or  in  a  form  easily  re- 
ducible thereto  by  means  of  a  multiplier. 

The  subject  of  linear  eqtiations  being  of  primary  importance, 
we  shall  devote  the  remainder  of  this  Chapter  to  its  discussion. 
But  as  it  will  be  resumed  in  another  part  of  this  work,  and 
in  connexion  with  a  higher  method,  we  propose  to  notice  here 
only  the  more  important  general  properties  of  linear  equations, 
and  to  illustrate  them  in  the  solution  of  equations  with  con- 
stant coefficients. 

Linear  Equations. 

4.  The  type  of  a  linear  differential  equation  of  the  n^ 
order,  (Chap,  L  Art.  4),  is 

in  which  the  coefficients  X,  X„ ,,.  X.  and  the  second  member 
X  are  either  constant  quantities  or  functions  of  the  indepen- 
dent variable  x. 

Considering,  first,  the  case  in  which  the  second  member  is  0, 
the  following  important  proposition  may  be  established. 

Prop.  If  y,  i  y^,  •  • .  y»  represent  n  distinct  values  of  y,  which 
individually  satisfy  the  linear  equation, 

g.+X,£?+X.p...  +  X^-0 (8), 
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then  will  the  complete  value  of  y  be 

Cj*,  Cj,,  • . .  c^  being  arbitrary  constants.  In  other  words  the  coni' 
plete  value  of  v  is  the  sum  of  n  distinct  particular  values  of  y^ 
each  containing  an  arbitrary  constant. 

For  on  substitution  of  the  assumed  general  value  of  y 
in  (8),  we  have  a  result  which  maybe  arranged  in  the  follow- 
ing form^  viz. 


•<te-  ~-/L  =  0 


+c. 


(9). 


Now  each  line  in  the  left-hand  member  of  the  above  equa- 
tion is,  from  the  hypothesis  as  to  the  values  of  y^,  y,, ...  y„, 
equal  to  0.  Hence  the  equation  (9)  reduces  to  an  identity, 
and  the  theorem  is  established* 

The  problem  of  the  complete  solution  of  a  linear  equation 
of  the'w***  order  whose  second  member  is  equal  to  0  is,  there- 
fore, reduced  to  that  of  finding  n  distinct  particular  solutions, 
each  involving  an  arbitrary  constant. 

5,  Pbop.  To  solve  the  linear  equation  with  constant 
coefficients  when  the  second  member  is  0. 

Were  the  proposed  equation  of  the  first  order  and  of  the 
form 


its  solution  would  be 


m» 


y^C^. 


ED.  E. 
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From  this  result,  and  from  the  known  constancy  of  form 
of  the  differential  coefficients  of  exponentials,  we  are  led  to 
examine  the  effect  of  such  a  substitution  in  the  equation 

Assuming  then  y  ^  Ce*",  and  observing  that 

we  have,  on  rejection  of  the  common  factor  C5e%  the  equation 

vi"  +  a^wT^  +  ajnrC^...  +  a^  =  0 (11), 

the  different  roots  of  which  determine  the  different  values  of 
w.  which  make  y  =.(7e"**  a  solution  of  the  equation  given. 

When  those  roots- are  real  and  unequal,  we  have,  therefore, 
on  representing  them  by  w^,  m,, ...  m^,  the  system  of  n  par- 
ticular solutions, 

y^C,e^%  y-  C;€«-^,..y«  CLe*"-^ (12), 

from  which  by  the  foregoing  theorem  we  may  construct  the 
general  solution, 

y=C;€"*i'  +  C,€"'«'...  +  (7.€--« (13). 

The  equation  (11)  by  which  the  values  of  m  are  determined 
is  usually  called  the  auxiliary  equation. 

Here,  assuming  y  =s  Cfe"",  we  obtain  as  the  auxiliary  equation 

Whence  the  values  of  m  areul  and  2.  The  corresponding 
particular  integrab  are  y  =  C^^c*  and  y  =  p,€**,  and  the,  com- 
plete primitive  is 

y^C.^'^rC/^. 

i 
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6.  If  among  the  roots,  still  supposed  unequal/ imaginary 
pairs  present  themselves,  the  above  solution,  though  formally 

correct,  needs  transformation.  Let  a±b  J—  1  represent  one 
of  these  pairs,  then  will  the  second  member  of  (13)  contain  a 
corresponding  pair  of  terms  of  the  form 

which  we  may  reduce  as  follows, 

«  Ce"*  (cos  bx  +  J~^  sin  6a;)  +  C'c"*  (cos  Ix  -  ^"^1  sin  bx) 

=  {G+  C)  €«'cos5aj+  {G--  C)  V(-  1)  e^'smbx, 

or,  replacing  C+C  and  {C  —  (? ')  V(  —  1)  by  new  arbitrary 
constants  A  and  B, 

-46***  cos  Ja?  +  ^e"*  sin  &» (14). 

Ex,    Given^-4^+13y  =  0. 

Assuming  y  =  Ce™*,  the  auxiliary  equation  is 

m*-4m+13  =  0, 
whence  m=2  +  3\/(  —  1),    The  complete  solution  therefore  is 

y  =  J.e*' cos  3a?  +  ^e**  sin  3a?, 

• 

7.  Lastly,  let  the  auxiliary  equation  have  equal  roots 
whether  real  or  imaginary,  e.g.  suppose  ^2  =  771^.  Then  in 
the  general  solution  (13)  the  terms  (7j€"*i*  +  0,€"*«*  reduce  to  a 
single  term  {C.+  C^  e^*,  and  the  number  of  arbitrary  con- 
stants is  effectively  diminished,  since  G^  +  C,  is  only  equiva- 
lent to  a  single  one.  Here  then  the  form  (13)  ceases  to  be 
general. 

To  deduce  the  general  solution  when  m^  =  m^  let  us  begin 
by  supposing  m^  to  differ  from  m^  by  a  finite  quantity  A,  and 

13—2 
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examine  the  limit  to  which  the  termfl  of  the  solution,  then 
really  general,  approach  as  h  approaches  to  0.     Now 


=  €'^*(u4+5a?  +  J5Aj^  +  &c.); 


on  replacing  C.  +  Cj'aiid  CJi  by  A  and  B,  new  arbitrary  con- 
stants. This  cnange  it  is  permitted  to  make,  however  small 
h  may  be,  provided  that  it  is  not  equal  to  0.  The  limit  to 
which  the  last  member  of  the  above  equation  approaches  as 
h  approaches  to  0  is 

This  then  is  the  form  which  must  replace  C/^^*  +  C^^^  in 
the  general  solution. 

Suppose  next  that  there  exist  three  equal  roots  m^,  m,,  Wg. 

Then  the  terms  C^e"^*  +  C/^^  +  Cje""**  being  replaced  by 

make  m,  =  m^  +  h.    The  above  expression  becomes 

«€"^*(^'  +  £'^+C7V  +  -^a;'  +  &c.) (16), 

on  making 

Here  A\  B',  C  being  functions  of  the  arbitrary  constants 
Ay  B,  C  provided  that  i  is  not  actually  0,  may  themselves  be 
regarded  as  arbitrary  constants.    If  we  so  consider  them  in 
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(15)  and  then  make  h  tend  to  0^  we  see  that  the  limiting 
form  of  the  expression  is 

And  in  precisely  the  same  way,  were  there  r  rpots  equal  to 
m^,  we  should  have  for  the  corresponding  part  of  the  com-- 
ptete  value  of  y^  the  expression 

€'^i''(A^  +  A^x  +  A^x\..  +  A^'^') (16). 

Thus  the  difference  which  the  repetition  of  a  particular  root 
m^  produces  is  that  the  coefficient  of  the  exponential  €"*i*  is 
no  longer  an  arbitrary  constant,  but  a  polynomial  of  the  form 
A^  +  A^x  +  &c,,  the  number  of  arbitrary  constants  involved 
being  equal  to  the  number  of  times  that  the  supposed  root 
presents  itsel£ 

Ex.     Given^-^-^+y-0. 

Here,  assuming  y  =  Cfe"^,  the  auxiliary  equation  is 

wi'  —  m*  ^  m  + 1  =  0, 

the  roots  of  which  are  —  1,  1, 1.  Thus,  corresponding  to  the 
root  —  1,  we  have  in  y  the  term  Cie"*,  while  to  the  two  roots  1, 
we  have  the  term  {A  4*  Bx)  e*.  The  complete  primitive  there- 
fore is 

y^Cf^+{A'{-Bx)e. 

8.     It  follows  from  (16),  that  if  a  pair  of  imaginary  roots 

a±h  J—  1  present  itself  r  times,  the  corresponding  portion  of 
the  complete  value  of  y  will  be 

which,  substituting  for  i**^  and  e""'^  their  trigonometrical 
values  and  finally  making 

0,+  0/  =  J„   ((7,-(7;)^pi=5„  &c., 

assumes  the  form 

{A^  +  Ajc...  +  AjxT^)  e^  cos  hx 

+  (Bj  +  B^x ... .  +  By^)  €•*  sin  Ix. 


198  LINEAR  EQUATIONS.  [CH.  IX«: 

Hence,  therefore,  the  repetition  of  a  pair  of  imaginary  roots 

a  ±  hj—  1  changes  also  the  two  arbitrary  constants  of  the 
ordinary  real  solution  into  polynomials,  each  of  which  involves 
a  number  of  constants  equal  to  the  number  of  times  that  the 
imaginary  pair  presents  itselt 


Ex.    Given  ^,+  2n«§  +  nV  =  0. 


da*  da? 

Assuming  y  =  Oe*"*,  the  auxiliary  equation  is 

w*  +  2nW  +  »*  =  0, 
whence  m  has  two  pairs  of  roots  of  the  form  +  n  V(—  1). 

For  one  such  pair  the  form  of  solution  would  be 

y  =  w4  cos  w.r  +  jB  sin  war. 

For  the  actual  case  it  therefore  is 

y  =  ( Jj  +  A^)  cos  nx  +  {B^  +  Bpi)  sin  nx. 

I, 

9.  The  above,  which  is  the  ordinary  method  of  investi- 
gating the  form  of  the  complete  solution  when  the  auxiliary 
equation  involves  equal  roots,^  rests  on  the  assumption  that  a 
law  of  continuity  connects  the  form  of  solution  when  roots  are 
equal  with  the  form  of  solution  when  the  roots  ai'e  unequal 
Now,  though  it  is  perfectly  true  that  such  a  law  does  exist,  its 
assumption  without  proof  of  that  existence  must  be  regarded 
as  opposed  to  the  requirements  of  a  strict  logic.  In  all  legiti- 
mate applications  of  the  Differential  Calculus  it  is  with  a 
limit  that  we  are  directly  concerned.  Here  it  is  with  some- 
thing which  exists,  and  which  admits  of  being  determined  in* 
dependently  of  the  notion  of  a  limit. 

Thus  if  we  take  as  an  example  t^  —  2-^  +  y  =  0,  in  which 

the  auxiliary  equation  m'— 2m+ 1  =  0  shews  that  the  values 
of  m  are  «ach  equal  to  1,  we  are  entitled  to  assume  as  a  par- 
ticular solution 

y^C^. 


i 
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Let  us  now  substitute  this  value  of  y  in  the  given  equation 
regarding  C  as  variable,  and  inquire  whether  it  admits  of  any 
more  general  determination  than  it  has  received  above.  On 
substitution  we  find  simply 

whence  C=A  +  Bx.  Thus  while  the  correctness  of  the 
solution  furnished  by  the  assumption  of  continuity  is  esta- 
blished, it  is  made  manifest  that  this  assumption  is  not  in- 
dispensable. 

We  shall  endeavour  to  establish  upon  other  grounds  the 
theory  of  these  cases  of  failure  in  a  future  Chapter,  Mean- 
while it  maybe  desirable  to  shew  that  the  form  (16)  actually 
satisfies  the  differential  equation  when  r  values  of  m  are 
equaL 

In  the  given  equation  assume 

8  being  an  integer  less  than  r.    From  the  theorem  for      ,  ^ 
it  easily  follows  that  the  result  will  be  of  the  form 

in  which /(m)  represents  the  first  member  of  (11).  But  that 
equation  having  by  hypothesis  r  equal  roots,  we  know  by  the 
theory  of  equations  that 

/{m)  =  0,  /(m)  =  0,...  /•»«0, 

ar6  simultaneously  true.  Thus  the  differential  equation  is 
satisfied.  And  being  satisfied  for  the  particular  value  of  y  in 
question  it  is  satisfied  by  (16),  which  is  the  sum  of  all  such 
values* 

10.    The  results  of  the  previous  investigation  may  be 
summed  up  in  the  following  rule. 
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EuLE.  The  coefficients  being  constant  and  the  second  mem- 
ber Ojform  an  auanliary  eqvxition  by  assuming  y  =^  C^,  and 
deterrp/ine  the  values  of  m.  Then  the  complete  value  of  y  will 
be  expressed  by  a  series  of  terms  characterized  as  fouows,  viz. 
For  each  real  distinct  value  of  ni  there  mil  exist  a  term  (7e""; 
for  each  pair  ofimxiginary  wXues  a±b  V(—  1),  a  term 

A^  cos  Ja?  +  JBe"  sin  bx\ 

each  of  the  coeffi^cients  A,  B,  C  being  an  arbitrary  constant  if 
the  corresponding  root  occur  only  once,  but  a  polynomial  of  the 
(r  —  1)**"  degree  with  arbitrary  constant  coeffix:ientsi,  if  the  root 
occur  r  times. 

Here  the  auxiliary  equation  is 

m"  -  «»•  -  2m' +  2m  ;=  0, 
whence  it  will  be  found  that  the  values  of  m  are 

0,  1,  1, -i±v(-i). 

The  complete  primitive  therefore  is 

y==C+{C^  +  C^x)€'.+  C/^cosx+  C/^sinx. 

11.  To  solve  the  linear  equation  with  constant  coefficients 
when  its  second  fiaember  is  not  equal  to  0. 

The  usual  mode  of  solution  is  1st  to  determine  the  com- 
plete value  of  y  on  the  hypothesis  that  the  second  member 
la  0;  2ndly,to  substitute  its  expression  in  the  given  equation 
regarding  the  arbitrary  constants  as  variable  parameters ; 
Srdly,  to  determinei  those  parameters  so  as  to  satisfy  the 
equation  given. 

Supposing  the  given  equation  to  be  of  the  n*  degree,  n 
parameters  will  be  employed.  These  may  evidently  be  sub- 
jected to  any  n  —  1  arbitrary  conditions.  Now  that  system  of 
conditions  which  renders  the  discovery  of  the  remaining  re- 
lation (involved  in  the  condition  that  the  given  differential 
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equation  shall  be  satisfied)  the  most  easy^  is  that  which 
demands  that  the  formal  expression  of  the  n  —  1  differential 
coefficients 

m 

shall,  like  the  formal  expression  oty,  be  the  same  in  the  sys- 
tem in  which  c., c,, ...  c„  represent  variable  parameters,  as  in 
the  system  in  which  they  represent  arbitrary  constaats. 

The  above  method  is  commonly  called  the  method  of  the 
variation  of  parameters.  It  is,  as  we  shall  hereafter  see,  far 
from  being  the  easiest  mode  of  solving  the  class  of  equations 
under  consideration;  but  it  is  interesting  as  being  probably 
the  first  general  method  discovered,  and  still  more  so  from 
its  containiDg  an  application  of  a  principle  successfully  em- 
ployed  in  higher  problems. 

Ex.    Given  -j-^  +  n'y  =  cos  cm?. 

Were  the  second  member  0,  the  solution  would  be 

y  =  Cj  cos  rwc  +  c,  sin  rw? (a). 

Assume  this  then  to  be  the  form  of  the  solution  of  the  equa- 
tion  given,  c^,  c^  being  variable  parameters,  but  such  that  -^- 
shall  also  retain  the  same  form  as  if  they  were  constant,  viz. 

-^  ^  —  CjUain  nx  +  c^ncoanx (J), 

Now  the  unconditional  value  of  ^  derived  from  (a)  is 

dv  •  dc^  ,    .         dc^ 

-~  =a  —  c,n sm nx  +  cm  cos nx  +  co&nx -j^  +  Qm7ix-r^, 
dx  *  *  dx  dx 

which  reduces  to  the  foregoing  form  if  we  assume 

cos7WJ-j-*+sintM?-T^  =  0 (c). 

dx  dx 

This  then  is  the  condition  which  must  accompany  (a). 
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Now  differentiating  (i)  and  regarding  c^,  c,  as  variable,  we 
have 

cPy  ,  ,  .  .<?<?,.  cfc, 

~^  =!  —  c.vir  cos  nx  —  CJfir  sin  wo?  —  w  sm  na;  -j-^  +  n  cos  naj  -j-*  • 
aar  *  *  .  ax  ax 

Substituting  the  above  values  of  y  and  -t4  in  the  given 

equation,  we  have 

dc.  ,  ac,  ,- 

—  wsmnaj-j-^ +  »  cos  naj-T-^ss  cos  cw?... ......*. .(a), 

and  this  equation,  in  combination  with  (c),  gives 

dc.        1  .  cfc-     1 

-— 1  =  —  cos  aa:  sin  na?,  -r^  =  -  cos  cm?  cos  nx, 

ax        n  ax     n 

,  1   fcos(n4-a)aj     (josCn  — a)a5)      ^ 

whence      ^.-g^,!     l^J    +      ;^/   |  +  g., 


<?2 


_  1  [sin  (n  +  cc)  a?     sin  {n  —  a)  a?)      ^ 


Lastly,  substituting  these  values  in  (a)  and  reducing,  we 
have 

t/=  -i a+  C>,  coswa?+  C7,  smno? (e). 

This  solution  fails  if  n  =  a.     But  giving  to  (e)  the  form 

cos  ao?  —  cos  no?      j~,  ^    . 

y= T. =1 +  V.  cos  nx  +  C;  sm  nx, 

and  regarding  the  first  term  as  a  vanishing  fraction  when  n^a, 
we  find 

y  =  — f-Cj  coswaj+  C/gSmwaj. 

Or  we  might  proceed  thus.  Differentiating  twice  the  equation 

d^V       « 

-t5  +  ny  =  cos  nXf 

we  get  ^  +  w'-^  =  — w'cpsna?. 
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Hence  eliminating  cos  nx 

an  equation  whose  complete  solution  is 

y  =  (^  +  Bx)  cos  710?  +  ((7+  Bx)  sin  nx. 
Substituting  this  in  the  given  equation  we  find  jB  =  0, 
D=^r  3  whence 

y  =  Acosnx-\'  (0+  ^  J  sin  nx, 

which  agrees  with  the  previous  solution. 

The  latter  method,  which  is  general,  consists  in  forming  a 
new  equation  of  a  higher  order,  but  with  its  second  member 
free  from  that  term  which  is  the  cause  of  failure.  As  by  the 
elevation  of  the  order  of  the  equation  superfluous  constants 
are  introduced,  the  relations  which  connect  them  must  be 
found  by  substitution  of  the  result  in  the  given  equation. 

12.  To  the  class  of  linear  equations  with  constant  coeffi- 
cients all  equations  of  the  form 

AyBf^.^L  being  constant  and  X  a  function  of  x,  may  be 
reduced.  It  suffices  to  change  the  independent  variable  by 
assuming  a  +  &»  =  e*. 

Ex.    Given  (a  +  bx)*-j^  +  h(a+hx)^  +  n*y  =  0. 
Assuming  o  +  6x  =  e*,  wb  find 

da}~'^    dt' 
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Hence,  by  substitution  in  the  given  equation,  we  have 
the  solution  of  which  is 

jy  tit    ,    ri^    '      fit 

y  =  c7cos  T- +  (7  sin -T- , 

in  which  it  only  remains  to  substitute  for  t  its  value  log  (a+bx)* 

13.  Beside  the  properties  upon  which  the  above  methods 
are  founded,  linear  equations  possess  many  others,  of  which 
we  shall  notice  the  most  important.  We  suppose,  as  before,  y 
to  be  the  dependent,  x  the  independent  variable. 

1st.  The  complete  value  of  y  when  the  linear  equation  has 
a  second  member  X  will  be  found  by  adding  to  any  particalar 
value  of  y  that  complementary  function  which  would  express 
its  complete  value  were  the  second  member  0. 

Representing  the  linear  equation  in  the  form  (7),  let  y.  he 
the  particular  value  of  y  which  satisfies  it,  Y  the  complete 
value  which  would  satisfy  it  were  the  second  member  0;  and 
assume  y  =yi  +  Y.    The  equation  then  becomes 

d^Y        (2"'*F 


^=X (17), 


and  this  becomes  an  identity,  the  first  line  of  its  left-hand 
member  being  by  hypothesis  equal  to  X,  and  the  second  line 
equal  to  0. 

Ex.    Thus  a  particular  integral  of  the  equation 

oc  "4"  1 
being  y^ j- ,  its  complete  integral  is 

a  a 
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The  above  property,  which  relates  to  the  generalizing  of  a 
particular  solution,  is.  important,  because,  as  we  shall  hereafter, 
see,  a  particular  solution  of  a  linear  equation  may  often  be 
obtained  by  a  symbolical  process  which  does  not  involve  even 
the  labour  of  an  integration. 

Sndly.  The  order  of  a  linear  differential  equation  may 
always  be  depressed  by  unity  if  we  know  a  particular  value 
of  y  which  would  satisfy  the  equation  were  its  second  member 
equal  to  0. 

It  will  suffice  to  demonstrate  this  property  for  the  equation 
of  the  second  order 

g  +  X.|  +  X.y  =  X (18). 

Let  y^  be  a  particular  value  of  y  when  X=  0,  and  assume 
y  ==^1^.    Substituting,  we  have  • 

the  first  line  of  which  is  by  hypothesis  0.    In  the  reduced 
equation  let  t-  =  Wi  ^^^^^  V©  ^^ve 

y.S+l^l'-*-^^^')"-^ (^^^' 

a  linear  equation  of  the  first  order  for  determining  u.    And 
this  being  found,  we  have 

V  s=s  Ivdx  +  a 


In  the  particular  case  in  which  Xa  0,  we  find  from  (19) 

11  = i , 

yi 

whence  y=»y.(C'J^ — i-<faj+CJ (20). 
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Srdly.  Linear  equations  are  connected  by  remarkable  ana- 
logies with  ordinary  algebraic  equations. 

This  subject  has  been  investigated  chiefly  by  Libri  and 
Liouville,  who  have  shewn  that  most  of  the  characteristic 
properties  of  algebraic  equations  have  their  analogues  in  linear 
differential  equations. 

Thus  an  algebraic  equation  can  be  deprived  of  its  2nd, 
3rd,...r'**  term  by  the  solution  of  an  algebraic  equation  of  the 
1st,  2nd,...(r  —  1)***  degree.  A  linear  differential  equation  can 
be  deprived  of  its  2nd,  3rd,...r**  term  by  the  solution  of 
another  linear  differential  equation  of  the  1st,  2nd, . . .  (r  —  1)*^ 
order. 

This  may  be  proved  by  assuming  y=vy^,  and  properly  de- 
termining V  so  as  to  make  in  the  resulting  equation  y^assumo 
the  required  form. 

Again,  as  from  two  pimultaneous  algebraic  equations,  we 
can  by  the  process  for  greatest  common  measure  obtain  a  de- 
pressed equation  satisfied  only  by  their  common  roots,  so  from 
two  simultaneous  linear  differential  equations  we  can  by  a 
formally  equivalent  process  deduce  a  new  equation  of  a  de- 
pressed order  satisfied  only  by  their  commoii  integrals. 

This  is  best  illustrated  by  example. 

Ex.  Required  the  common  integrals,  if  any,  of  the 
equations 

Differentiating  the  second  equation  and  then  eliminating 

-TT  and  -3^: ,  we  find  the  depressed  equation 
rfd?         dor 

If  we  differentiate  this  we  shall  find  that  the  result  is 
merely  an  algebraic  consequence. of  the  two  equations  last 
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written,  not  an  algebraically  new  equation.    Thus  the  process 
of  reduction  cannot  be  repeated.    We  have  therefore 

as  the  only  common  integral. 

(See  the  Supplementary  Volume^  Chapter  xxii.] 

*  •    •      . 

EXERCISES. 

3.    Integrateg-4g  +  6g-4|  +  y  =  0. 

5.    ;T4r-3  Vi+4y  =  0,  it  being  given  that  one  of  the 
roots  of  the  auxiliary  equation,  m'  —  3m*  +  4  =  0,  is  —  1, 

8.     What  form  does  the  solution  of  the  above  equation 
assume  when  i  =  1  ? 

10.  (a5  +  a)»g-4(«  +  a)|+6y  =  0. 

11.  Integrate  g  -  26aj  ^  +  6Vy  =  0. 
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12.  A  particular  integral  of  (1  — «*)  j^""^^"~^*y=0 

is  y=  Cie***"**  find  the  complete  integral  by  the  method  of 
Art.  13. 

13.  The  form  of  the  general  integral  might  in  the  above 
case  be  inferred  from  that  of  the  particular  one  without  em- 
ploying the  method  of  Art  13.    Prove  this. 

14.  It  being  given  that 

.  /  .        ,  cosa;\  ,  ^/             sina;\ 
y  =  Alamx-\ J +5  (cos  a: 1 

is  the  complete  integral  of  the  equation  ^+  ( 1  —  -^jy =0, 

15.  Explain  on  what  grounds  it  is  asserted  that  the  com- 
plete integral  of  a  differential  equation  of  the  n^  order  contains 
n  arbitrary  constants  and  no  more. 

16.  Mention  any  circumstances  under  which  it  may  be 
advantageous  to  form,  from  a  proposed  differential  equation, 
one  of  a  higher  order.  In  deducing  from  the  solution  of  the 
latter  that  of  the  former,  what  kind  of  limitation  must  be 
introduced? 
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CHAPTER  X. 

EQUATIONS   OF  AN   ORDBB  HIGHER  THAN   THE  FIRST, 

CONTINUED. 

1.  We  have  next  to  consider  certain  forms  of  non-linear 
equations. 

Of  the  following  principle  frequent  use  will  be  made,  viz. 
When  either  of  the  primitive  variables  is  wanting,  the  order  of 
the  equation  may  he  depressed  by  assuming  as  a  dependent 
vatiable  the  lowest  differential  coefficient  which  presents  itsdf 
in  the  equation. 

Thus  if  the  equation  be  of  the  form 


and  we  assume 


^'S'S)-" (>). 

!-• (^). 

we  have,  on  substitution,  the  differential  equation  of  the  first 
order, 

^[-''■i)'0 » 

If,  by  the  integration  of  this  equation,  z  can  be  determined 
as  a  function  of  x  involving  an  arbitrary  constant  c,  {suppose 
«  =  ^  (a?,  c)},  we  have  from  (2) 

^=*(«,  c), 
whence  integrating 

yss  I  ^(i»,  c)da}+c\ 

B.D.B.  14 
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If  the  lowest  differential  coefficient  of  y  which  presents 
itself  be  of  the  second  order^  the  order  of  the  equation  can  be 
depressed  by  2,  and  so  on. 

A  similar  reduction  may  be  effected  when  x  is  wanting. 
Thus^  if  in  the  equation  of  the  second  order 


K'-t^'" «■ 


we  assume  -^  =p,we  have 

d'y  _^dp  _^dpcltf        dp 
dju^~  dx^dy  dx    ^  dy^ 

Lj  means  of  which  (4)  becomes 

^(y.i>.i>|)=o (5). 

Should  we  succeed  by  the  integration  of  this  equation  of 
the  first  order  in  determining^  as  a  function  of  y  and  c,  sup- 
pose p^<l>{y,  c),  the  equation,  t"- =i>  will  give 

dx  ==  ,/• — , 
whence 

«=fx^  +  c' • (6)- 

Ex.    Suppose  l  +  (gy+yg  =  0. 

Put  ^  ^p ;  thus 

therefore  ^  +  ^,^0. 

therefore        log  y  +  log  \^(1  +2?')  =  constant. 


AHT.  2.] 

THAN  THJB  FIRST,  CONTINUED. 

therefore 

y  V(l  +  P^)  ==  constant  =  J, 

therefore 

therefore 

dx           y 

dy  ~  V(*'  -  f) ' 

therefore 

x^-^{b*-f)+a, 

where  a  is  a 

constant; . 

thus  finallj, 

y>+(x-ay  =  h\ 
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2.  In  close  connexion  with  the  above  proposition,  stand 
the  three  following  important  cases. 

Case  I.  When  but  one  differential  coefficient  as  well  as 
but  one  of  the  primitive  variables  presents  itself  in  the  given 
equation. 

1st.  Let  the  equation  be  of  the  form  ^  =  X,  we  have 
by  successive  integrations 

and  finally 

y=jj  ...XcLxr  +  c^x'''^  +  c^x'^...+c^ (7)- 

We  shall  hereafter  shew  that  the  first  term  in  the  second 
member  may  be  replaced  by  a  series  of  n  single  integrals. 

2ndly,  If  the  equation  be  of  the  form  ;t^=  T,  it  is  not 

generally  integrable,  but  it  is  so  in  the  case  of  n  »  2.    Thus 
there  being  given 


da?     '^' 


14—2 
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we  have 

dxdgi?  dx' 

and  integrating 


Hence 


dy 


da=' 


fl,=  r ^ +C' (8). 

As  a  particular  example,  let  g«aV 

Here  »»f ^ 1  +  (7' 

J{2Ja'ydy+G)i        • 

=  ^log{ay+V(ay+a)}  +  C'. 

Ob 

Case  IL    When  the  given  x  equation  merely  expresses  a 
relation  between  two  consecutive  diflferential  coefficients. 

Suppose  the  equation  reduced  to  the  form 

dl="-^(^)- ^^^' 

then,  assuming  .^  =  z,  we  have 

whence  dx  — 


/{.')' 


-Im^' P* 
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If,  after  effecting  the  integration,  we  can  express  z  in  terms 
of  X  and  Cy  suppose  z  =  (t>  {x,  c)  we  have  finally  to  integrate 

^^"^(^'.c*) •. (11), 

which  belongs  to  Case  I. 

But  if,  after  effecting  the  integration  in  (10),  Ive  cannot 
algebraically  express  z  in  terms  of  x  and  c,  we  may  proceed 
thus. 

From  T-j^  =s  z,  we  have 

*zdz 


/i 


'/(^)* 

daT 


f  dz   tzdz 

and  finally, 

t  dz  {  dz        t  zdz  f^  0% 

^'iWvWr'm ^  ^' 

the  right-hand  member  indicating  the  performance  of  n  -« 1 
successive  integrations^  each  of  which  introduces  an  arbitrary 
constant.  If  between  this  equation  and  (10)  we,  after  integra- 
tion, eliminate  z,  we  shall  obtain  a  final  relation  between  y,  a, 
and  n  arbitrary  constants,  which  will  be  the  integral  sought. 


Ex. 


«-  "SSVh®]- 


Making  ^  =  i?,  we  have  az-^^\/(i  +  s^,  whence 
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According  to  the  first  of  the  above  methods,  we  should  now 
solve  this  with  respect  to  Zy  and  thus  obtaining 


-SV{(^)'-4- 


find  hencd 


in  which  it  only  remains  to  effect  the  integrations.  According 

to  the  second  method,  we   should  proceed  thus.     Since 

y  azdz  ^ 

«^  =   i/1  .    ox ,  we  have 

= ^ --glogfa-hVCl  +  OI+c, 

whence  multiplying  the  second  member  by  -jrr — ^  for  dx, 
and  again  integrating,  ^^  '"'^ 

+  acV(i  +  «*)  +c". (c). 

The  complete  primitive  now  results  from  the  elimination 
of  z  between  (a)  and  (c). 

Case  III.    When  the  given  equation  merely  connects  two 
differential  coefficients  whose  orders  differ  by  2, 

Beducing  the  equation  to  the  form 


lict  ^^  =  js,then 


This  form  has  been  considered  under  Case  i« 
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It  ffives 


o 


=/, 


dz 


aj=    — i  +  C; 


K  from  this  equation  z  can  be  determined  as  a  function  of 
a?,  (7,  and  C\ — suppose  ^=3  ^  (^,  (7,  (7), — then 

^=Hx,  C,  G'), 

the  integration  of  which  by  Case  !•  will  lead  to  the  required 
integral.  If  z  cannot  be  thus  determined,  we  must  proceed  as 
under  the  same  circumstances  in  Case  li. 

Ex.    Given  a'-r^s-r^. 
Proceeding  as  above,  the  final  integral  will  be  found  to  be 


«  ■   .    ■ 

Homogeneous  Equations. 

3.  There  exist  certain  classes  of  homogeneous  equations 
which  admit  of  having  their  order  depressed  by  unity. 

Class  L  Equations  which,  on  supposing  x  and  y  to  be  each 
of  the  degree  1,  -^^  of  the  degree  0,  -^  of  the  degree  —  1,  &c., 
become  homogeneous  in  the  ordinary  sense. 

r 

Adopting  the  notion  and  the  language  of  infinitesimals,  the 
earlier  analysts  described  the  above  class  of  equations  some- 
what more  simply  as  homogeneous  with  respect  to  the 
primitive  variables  and  their  differentials,  ie.  with  respect 
to  a?,  y,  dXf  dy^  cPy^  &c. 

All  equations  of  the  above  class  admit  of  having  their 
order  depressed  by  unity. 
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For  if  we  assume  a?  =  6*,  y  ==  e'^,  we  shall  find  by  the  usual 
method  for  the  change  of  variables, 

'i-i*' 0*). 

S-«-(S+S) ■ w 

and  so  on.  Here  y  is  presented  as  of  the  first  degree  with 
respect  to  €*  which  takes  the  place  of  x,  while  -^  is  of  the 

degree  0,  and  ^  of  the  degree  —  1,  with  respect  to  6*.    And 

the  law  of  continuation  is  obviou^.  Hence,  from  the  supposed 
constitution  of  the  ^ven  equation,  it  follows  that  on  substitu- 
tion of  these  values  the  resulting  equation  will  be  homogeneous 
with  respect  to  €*,  which  will  therefore  divide  out  and  leave 

an  equation  involving  only  ^,  -y^,   ^>  ^^'    That  equation 

will  therefore  have  its  order  depressed  by  unity  on  assuming 

Let  us  examine  the  general  form  of  the  result  for  equations 
of  the  second  order. 

Representing  the  given  equations  under  the  form 

'^{'.v.t  2)  ">■■■■ •••••P«^ 

we  have,  on  substitution, 

^{••.••'.S+'.«-(S+S)}-» OT. 

and  from  this  equation,  from  what  has  been  above  said,  c' will 
disappear  on  division  by  some  power  of  that  quantity,  e.g.  €**. 
But  the  effect  of  simply  removing  a  factor  is  the  same  as  that  of 
simply  replacing  such  factor  by  unity.    Now  to  replace  e"*  by 
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unity  is  the  same  as  to  replace  ^  by  unity,  and  if  we  do  this 
simply,  i.e.  without  changing  -^  and  -^ ,  (17)  will  become 

Assuming  then  -^  =  w,  whence  -^o  =  -rn  =  «*  -^  >  we  have 
®  du  da*     da        dz 

JP(1,  ^,  w  +  2?,w^  +  w)=0 (19), 

an  equation  of  the  first  order,  which  by  integration  gives 

u^4>{z,c) .(20), 

Then  since  t*  =  ^7^ ,  we  have 

da 


$ 


'1^)'' '^^)' 


in  which,  after  efiectbg  .the  integration,  it  is  only  necessary 
to  write 

^  =  log^,  z=l ..(22). 

The  solution  of  the  proposed  equation  is  therefore  involved 
in  (20),  (21),  (22), 


Ex.    Given  nx^ 


Substituting  as  above  »=^^,y  —  ^z,  we  find,  as  the  trans- 
formed equation. 


/<?«  .  dz\     /dz\* 

''W^deJ'^Kdd)' 


whence,  making  .;^  =  w,  we  have 


de 


n{u^+u)^v!^ ^^^' 
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which  resolves  itself  into  the  two  equations, 

The  former  gives  on  integration 

w  =  n  +  Ce". 


Now  w  =  3B  >  whence 


d0 ^ 


S   > 


n+(7€* 


therefore  ^  =  -  log  (we**  +  (7)  +  C, 

and  now  replacing  ^  by  log x,  and  »  by-,  we  have  on  re- 

OS 

duction, 

y^'^^'^A^ (^)' 

A  and  B  being  arbitrary  constants*    This  is  the  complete 
primitive. 

dz 

The  remaining  equation  u^d,  ^^  jZ^O,  gives  -?  =  c,  or 

y  =  cx,  and  this  is  the  singular  solution. 

The  equation  (a)  might  have  been  directly  deduced  from 
the  given  equation  by  the  general  theorem  (19),  which  indi- 
cates that  for  such  deduction  it  is  only  necessary  to  change 

a;  to  1,  y  to  z,  -f-to  u  +  g,  and  T^tow-T-  +  w* 

Class  II.    Equations  which  on  regarding  a?  as  of  the  first 

degree,  y  as  of  the  n^  degree,  -^  of  the  (n  —  1)***  degree,  t4 

of  the  (fi  —  2)***  degree,  &c.,  are  homogeneous. 

To  effect  the  proposed  reduction  assume  «==€•,  y  =  €"*«. 
The  transformed  equation  will  be  free  from  0,  and,  on  assum- 
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ing  T2  =  ^>  "will  degenerate  Into  an  equation  of  a  degree 

lower  by  unity  between  u  and  jb. 

It  is  easy  to  establish  that,  if  the  given  diflferential  equa- 
tion be 

^-■»'%  S)=»-- w- 

the  reduced  equation  for  determining  u  will  be 

F{1,  z,u-\- nz,  uj-  +  (2n-l)u  +  n(n- 1) z]  =  0....(24). 

Suppose  that  by  the  solution  of  this  we  find 

u^if>{z,  c)..... (25), 

then  since  w  =  j^ ,  we  have 

au 


^  =  f  ;j-7^  +  C' • (26), 

in  which  itjonly  remains  to  substitute  log  x  for  0,  and  ^  for  e. 

Ex.    Given«*g  =  (a^  +  ary)|-V. 

This  equation  proves  homogeneous  on  assuming  x  to  be  of 
the  degree  1,  y  of  the  degree  2,  ^  of  the  degree  1,  and 

~  of  the  degree  0. 

Changing  then,  according  to  the' formula  (24),  x  into  1, 

y  into  z,  ^  into  w  +  2«,  and  ^into  u^  +  3u  +  2zj  we  have 

du 
tt^  +  Su  +  2z=^  (1  +  2^)  {u  +  2z)  -  V .......  (a), 
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which  is  reducible  to 

»(g  +  2-i!.).0. 
This  is  resolvable  into  two  equations,  viz. 

g  +  2-2«=:0,      M  =  0 (b). 

The  first  gives  on  integration 

w=(^-.l)«  +  c*. 

Hence,  since  -77*  =  w,  we  have 

da 


c  0  '      2c    **  \«  —  1  +  c/ 

Hence,  replacing  0  by  log  x,  and  »  by  — , ,  we  have 

loga?  =  -tan  ^^--s-  +c,  or^-log^^ — )= f— s+c, 

the  rational  forms  of  the  integral  required. 

The  factor  w  =  0  in  (6)  giving  jz  =  0,  or  ^  =  c,  leads  to  the 
singular  solution  y  =  ca?.  j 

Class  in.    Equations  which  are  homogeneous  with  re- 
spect toy,  ^,   ^,&c. 

Properly  speaking,  this  class  constitutes  a  limit  to  the  class 
just  considered.    For  when  n  becomes  large,  the  quantities 

w,  n  —  1,  n  —  2,  the  supposed  measures  of  the  degrees  of  y,  X' 
-^  approach  a  ratio  of  equality. 
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If  we  assume  y  =  e',  we  have 

i'^^ •.-(27). 


dx        dx 


H^*m » 


All  these  being  of  the  first  degree  with  respect  to  €*,  it  fol- 
lows that  after  substitution  in  the  proposed  equation,  that 
function  will  disaj^ear  on  division.  Thus,  if  the  given  equa- 
tion be 

4-^-i-S)- «• 

the  transformed  equation  will  be 


^{'■^.|-S+(l)]-« «• 

dz 
or,  on  assuming  j-  =  w, 

F^x,l,u,^  +  u^^O ....(31). 

Integrating  this  equation  of  the  first  degree,  we  have 

therefore  ip  =  /  ^(o?,  c)dx  +  c\.. ....(32), 

in  which  it  only  remains  to  substitute  for  z  its  value  logy. 

Or  we  may  assvme  at  once  y  =  e  .  The  transformed 
equation  between  u  and  a?  will  be  of  an  order  lower  by  unity 
than  the  equation  givqn. 

dy 
Ex.    Givenayg  +  &(gy-.;j^^5r^. 

Assuming  y  =»  e    ,  we  find 


«(S+''0=V(^"*"'' 
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as  would  directly  result  from  (29)  and  (30).    Expressed  in 
the  form 

du  u         _     /■!  ,  &\    t 

dx     a^ie^  +  x')"     ^''^a)^' 

this  equation  is  seen   to  belong  to  the  class  discussed  in 
Chap.  II.  Art.  11. 

Onv  comparing  the  above  classes  of  homogeneous  equations 
we  see  that  Class  n.  is  th^  most  general.  It  includes  Class  L 
as  a  subordinate  species^  and  Class  ill.  as  a  limit. 

It  is  proper  to  observe  that  Classes  i.  and  n.  are  usually 
treated  by  a  diflFerent  method  from  that  above  employed. 
Thus^  in  Class  l.,  it  is  customary  to  make  the  assumptions 

On  substitution  x  divides  out,  and  there  remains  an  equa- 
tion involving  y  and  the  new  variables  t,  w,  v,  w,  &c.,  which 
may  be  reduced  by  successive  eliminations  to  a  differential 
equation  between  two  variables,  and  of  an  order  lower  by 
unity  than  the  equation  given*  But  this  method  is  far  more 
complicated  than  the  one  which  we  have  preferred  to  employ. 

Exact  Differential  Epilations. 
4.     A  differential  equation  of  the  form 

is  said  to  be  exact  if,  representing  its  first  member  by  F,  the 
expression  Fdic  is  the  exact  differential  of  a  function  U,  which 

is  therefore  necessarily  of  the  form  '^[x,  y,  --r-  $  •••  Zfn^)  • 

Thus  ^x^"""y^:^""^*  =  0  is  an  exact  differential 
equation,  its  first  member  multiplied  hj  dx  being  the  differ- 
ential of  the  function  « ]{;^)  —  ^^y^\  >  and  the  first  member 
itself  the  differential  coefficient  of  that  fupiction. 
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Hence  then  a  first  integral  of  the  above  e(],uation  will  be 

(S)'-«^-«- 

The  method  of  integrating  an  exact  differential  equation 
which  we  shall  illustrate,  and  which  contains  an  implicit 
solution  of  the  question  whether  a  proposed  equation  is  exact 
or  not,  appears  to  be  primarily  due  to  M.^  Sarrus  (LiouvUle, 
Tom.  XIV.  p.  131,  note), 

Ex.    Give.  ,^,.|^2,(|)V(^+V|)g.«. 

Supposing  the  above  an  exact  differential,  we  are  by  defi- 
nition permitted  to  write 

Now  a  first  and  obvious  condition  is  that  the  highest  differ- 
ential coefficient  in  an  exact  differential  equation,  being  the 
one  introduced  by  differentiation,  can  only  present  itself  in 
the  first  degree.     This  condition  is  seen  to  be  satisfied. 

Representing  the  highest  differential  coefficient  but  one  by 
p,  we  can  express  (34)  in  the  form 

dU=^(y'{-Sxp  +  2yp»)  dx  +  {a?  +  2/jp) dp. 

Now  let  U^  represent  what  the  integral  of  the  term  con- 
taining dp  would  be  were  p  the  only  variable.    Then 

U^=x^p  +  y'p\ 
Assume,  then,  removing  all  restriction, 

whence 

Subtracting  this  from  (34) 


dU-dU,^{y  +  »^dx (35). 
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We  remark  that  the  highest  diflferential  coefficient  -y^  has 

now  disappeared.    We  observe  too  that  the  next,  viz.  ~  is 

involved  only  in  the  first  degree.  This  is  a  consequence  of  the 
fact  that  the  proposed  diflferential  equation  was  really  exact. 
For  the  first  member  of  (35)  being  the  diflFerence  of  two  exact 
diflferentials,  and  therefore  itself  exact,  the  second  member  is 
so,  and  its  highest  differential  coefficient  is  therefore  of  the 
first  degree.  The  integration  of  an  exact  differential  involving 

^  has,  in  fact,  been  reduced  to  that  of  an  exact  differential 

involving  only  -^  as  its  highest  differential  coefficient.    And 

a  similar  reduction  may  be  effected  whatever  may  be  the 
order  of  the  highest  differential  coefficient.  ^ 

The  integration  of  (35)  gives 
whence 

A  first  integral  of  the  given  equation  is,  therefore, 


dx 


+^'{ih'^-' --(se)- 


The  general  rule  for  the  integration  of  an  exact  differential 
dU,  involving  a?,  y,  ;t^,  .-  -r^a,  is  then  as  follows.    Integrate 

the  term  which  involves  -j-^  in  the  first  degree,  as  if  -j-^  were 

the  only  variable,  and  -^  dx  its  differeniial.  R^esenting  ihe 
result  hy  U^,  and  removing  the  restriction,  dU-^ dU^  will  he  ofii 
exact  differential  involving  only  x,  y,  ;/  >--';j~s^'    -K^^^ 

the  process  as  often  as  necessary.  Then  U  will  he  expressed 
by  the  sum  of  its  successively  determined  portions  .U^,  U^> 
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For  the  solution  of  an  exact  differential  equation,  it  is  there- 
fore only  needful  to  equate  to  c  the  integral  of  the  correspond- 
ing exact  differential  as  found  by  the  above  process. 

The  failure  of  that  process,  through  the  occurrence  of  a 
form  in  which  the  highest  differential  coefficient  is  not  of 
the  first  degree,  indicates  that  the  proposed  function  or  equa- 
tion is  not  '  exact.' 

6.  There  is  another  mode  of  proceeding  of  which  it  is 
proper  that  a  brief  account  should  be  given. 

Representing  ^,    J,,  -  ^^^  ^7 ^i'  y2^-!/n>  it  is  easily 

shewn  by  the  Calculus  of  Variations,  that  if  Vdx  be  an  exact 
differential,  V  being  a  function  of  a?,  y,  y^ , . . .  y„ ,  then  identically 

dy      \dx) dy^      \dxj  dy^"*      \dx)  dy^        ^     ^' 

where  ( -^  J  indicates  that  we  differentiate  with  respect  to  x 

regarding  //,  y^,-*»y^  as  functions  of  x.  This  condition  was 
discovered  by  Euler. 

The  researches  of  Sarrus  and  De  Morgan,  not  based  upon 
the  employmeit  of  the  Calculus  of  Variations,  have  shewn, 
1st,  that  the  above  condition  is  not  only  necessary  but  suffici- 
ent. 2ndly,  that  it  constitutes  the  last  of  a  series  of  theorems 
which  enable  us,  when  the  above  condition  is  satisfied,  to 
reduce  Vdx  to  an  exact  differential  in  formy  i.e.  to  express 
it  in  the  form 

dU,       dU.      dlT,         .    dU  .  ,^^, 

where  a:,  v,  y., ...  y^^  are  regarded. as  independent.  The  inte- 
gration of  Vdx  =  0  in  the  form  ?7=  c  is  thus  reduced  to  the 
integration  of  an  exact  differential  of  a  function  of  n  + 1  inde- 
pendent variables, — a  subject  to  be  discussed  in  Chapter  xii. 
{Ca/mbridge  Transactions,  Vol.  ix.) 

The  condition  (37)  is  singly  equivalent  to  the  system  of 
conditions  implied  in  the  process  of  Sarrus.  The  proof  of  this 
equivalence  a  posteriori  would,  as  Bertrand  has  observed,  be 
complicated.     (Liouville,  Tom.  xiv.) 

B.  D.  E.  15 
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The  solution  of  the  differential  equations  of  orders  higher 
than  the  first  is  sometimes  effected  by  means  of  an  integrating 
factor  /ir,  to  discover  which  we  might  substitute  /tFfor  Fin 
(37),  and  endeavour  to  solve  the  resulting  partial  differential 
equation.  Even  here,  however,  the  process  of  Sarrus  would 
be  preferable. 

■ 

Miscellaneous  Methods  and  Examples. 

6.  Many  forms  of  equations,  besides  those  above  noted,  can 
be  integrated  by  special  methods,  e.g.  by  transformations, 
variation  of  parameters,  reduction  to  exact  differentials,  &c. 
Equations  of  the  classes  already  considered  can  also  sometimes 
be  integrated  by  processes  more  convenient  than  those  above 
explained. 

Ex.  1.    Given  -r^  =  aa?  +  6y. 

dH 

Let  oa?  +  6y  =  *.     We  find  as  the  result,  -=-^^lt  a  linear 

equation  with  constant  coefficients. 

Ex.  2.     Given  (1  -  x^)'^^x^  +  sV  =  0. 

Changing  the  independent  variable  by  assuming  sin'^a?  =  t, 
we  find  ;j^  +  j'y  =  0,  whence  the  final  solution  is 

y  =  Cj  cos  [q  sin"*  x)  +  c,  sin  (y  sin"*  x) (39). 

So  too  the  equation  (1  +  aa?")  -r^  +  aa? -i^  ±  q^y^O,  is  re- 
ducible to  the  form  -^  ±  q*y  =  0,  by  the  assumption 


df 

dx 


V(l  +  ax^ 


^t 


Equations  involving  the  arc  s,  whether  explicitly  or  im- 
plicitly, may  be  freed  from  it  by  differentiation  or  by  change 
of  iudependent  variable. 


J 
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Ex,  3.     Given  5  =  aa?  +  by, 

Diflferentiating,  we  have  a  /  ]  1  +  (-7^)  f  —  <»  +  ^  j^ ; 

therefore  d^^ai±^{f +  h*-l) 

ax  1  —  0 

y  = j-^^p ^x  +  c. 

Ex.  4.     Given  -n  =  «• 

Assuming  a?  as  independent  variable,  we  have 

cPx _dx  d  dx ^  (^\^ ^  (^\^ 
ds^"  ds  dx  ds      \dxj   dx  \dx) 

(dsy^  _ 
\dx)    da?^ 

ds 
We  might  here  put  for  ^  its  value  isf(}.  +p^,  and  so  form 

a  diflFerential  equation  for  determining  p.    Direct  integration, 
however,  gives 

Whence  we  find 

dx     \2aaj  +  c       /  ' 

which  indicates  a  cycloid. 

7.     M.  Liouville  has  shewn  how  to  integrate  the  genera) 

equation  ^  +f(x)  ^  +  i^  (y)  ^^^ j  =  0  {Journal  de  MaiMma- 

tiqueSj  1st  Series,  Tom.  vn.  p.  134). 

Suppressing  the  last  term,  the  resulting  equation 

15-^2 
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has  for  a  first  intecral  -^  =  Ge'-f^^'^^,    Now  assume  this  to  be 

®       ax 

a  first  integral  of  the  given  equation  regarding  C7  as  an  un- 
known function  of  y,  then 


~  a  dy  \dx)      •'  ^^  dx  • 
Thus,  the  given  equation  becomes 


whence 
Therefore 


dx 


m^ 


m 


therefore  Lf^^^^  dy^  A  U'-^f^*^^  dx-\-B 

the  complete  primitive  sought, 

8.     Jacobi  has  established  that  when  one  of  the  first  inte- 
grals of  a  differential  equation  of  the  form  ^=/(a?,  y)i8 

known,  the  complete  primitive  may  be  found.  The  following 
demonstration  of  this  proposition  is  due  to  Liouville  {Jmrnal 
de  Math^matiqties,  1st  Series,  Tom.  xiv.  p.  225). 

Let  the  given  first  integral  be  -^  =  0  {x,  y,  c).    DiflFerenti- 

ating,  we  have 

d^y  ^d<f>     d<l>dy  _d(l>      ,d(f) 
d^  "da?     dy  dx     dx     ^  dy* 

if}  standing  for  ^  {x,  y,  c).  Hence,  comparing  with  the  given 
equation. 
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and  differentiating  with  respect  to  c, 

dxdc      dc  dy     ^  dydc 

Now  this  is  precisely  the  condition  which  must  be  satisfied 

in  order  that  the  expression  -^  [dy  —  <^dx)  may  be  an  exact 

.differential.     Hence,  the  first  integral  expressed  in  the  form 
dy  —  d}dx  =  0,  is  made  an  exact  differential  by  means  of  the 

factor  ^-  .     The  complete  primitive  therefore  is 

Jg(%-^^)  =  (7. (42). 

Some  equations  of  great  diflBculty  connected  with  the  theory 
of  the  elliptic  functions  are  reduced  to  the  above  case  in  tiie 
memoir  referred  to. 

Singular  Integrals, 

9.  Equations  of  the  higher  orders,  like  those  of  the  first 
order,  sometimes  admit  of  singular  integrals,  i.e.  of  integrals 
not  derivable  from  the  ordinary  dues  without  making  one  or 
more  of  their  constants  variable. 

We  shall  term  such  integrals  singular  solutions  when  they 
connect  only  the  primitive  variables,  but  singular  integrals 
when  they  present  themselves  in  the  form  of  differential 
equations  inferior  in  order  to  the  equation  given. 

And  as  the  entire  theory  is  involved  in  the  theory  of 
singular  first  integrals,  we  shall  speak  chiefly  of  these,  but 
with  less  detail  than  in  the  corresponding  inquiries  of 
Chap.  VIII. 

[Additions  to  the  present  Chapter  are  given  in  the  Sup- 
plementary Volv/me^  Chapter  xxni.] 

Prop.  Given  a  first  integral  with  arbitrary  constant  of  a 
differential  equation  of  the  w**"  order,  required  the  correspond- 
ing singular  integral. 

Let  the  given  equation  be 

-^(^>y.  2/i>ya---yn)=0 (43), 
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where  y^  stands  for  -^ ,  y,  for  ^ ,  &c.    Suppose  the  integral 
given  to  be  expressed  in  the  form 

y-i  =/(^*  y*  Vi  •••  y^>  <>) i^l 

c  being  an  arbitrary  constant.    Differentiating  as  if  c  were 
an  unknown  function  of  a;, 

_df     df  df  df^        .^^ 

^»  "  dx'^dy  ^'  "^  dtf,  y^  -  ■*■  dt/^^'^-'^dc  dx  • 

Now  this  reduces  to  the  same  form,  i.e.  gives  the  same 
expression  for  y^  in  terms  of  a?,  yi  ...yn-i»  ^>  ^  ^*  would  do  if 

c  were  constant,  provided  that  we  have  •;/  =  0;  and  therefore, 

this  condition  satisfied,  the  elimination  of  c  will  still  lead  to 
the  given  differential  equation  (43). 

An  integral  of  the  given  equation  will  therefore  be  found 
by  attributing  to  c  in  the  complete  first  integral  (44),  such 

value  as  will  satisfy  the  condition  ^  =  0,  or,  as  we  may  ex- 
press it, 

%*=<> • (*5)- 

And  unless  the  value  of  c  thus  found  is  constant,  the 
integral  will  be  singular.  The  above  process  amounts  to 
eliminating  c  between  (44)  and  (45),  so  that  we  have  the 
following  rule. 

Otven  a  first  integral  of  a  differential  equation  of  the  n* 

ordeVf  to  deduce  the  corresponding  singular  integral^  we  must 

eliminate  c  between  the  first  integral  in  question  and  the  equa' 

dv  •  dT'^  V 

tion  -—""*  =  0,  where  y^^  is  the  value  of   ,  ^_^  expressed  in 

terms  ofx,  y  ...  ,-^ ,  &c.  by  means  of  the  given  first  integral. 
If  the  proposed  first  integral  is  rational  and  integral  in 


i 
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form,  then  representing  it  by  ^  =  0,  it  suffices  to  eliminate  c 
between  the  equations, 

^-0,^  =  0 (46). 

It  is  unnecessary  to  dwell  on  the  particular  cases  of  excep- 
tion after  what  has  been  said  on  this  subject  in  Chap.  viii. 

Ex.  1.     The  differential  equation 

has  for  a  first  integral 

required  the  corresponding  singular  integral 
Differentiating  the  first  integral  with  respect  to  h,  we  find 

whence  6 =Tn ^  >  ^^^  ^^^  value  substituted  in  the  given 

integral,  leads  to 

or,  on  reduction, 

I6{l  +  x')y'-  8a:»y,  -  16xy^  +  oj*  -  IGy^'  =  0. 

In  connexion  with  this  subject,  Lagrange  has  established 
the  following  propositions : 

1st.  Either  of  the  first  two  integrals  of  a  differential  equa- 
tion of  the  second  order  leads  to  the  same  singular  integral 
of  that  equation. 

2nd.  The  complete  primitive  of  a  singular  integral  of  a 
differential  equation  of  the  second  order  will  itself  be  a  sin- 
gular solution  of  that  equation,  but  a  singular  solution  of  a 
singular  integral  will  in  general  not  be  a  solution  at  all  of 
that  equation. 


I 
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The  proof  of  these  propositions  will  afford  an  exercise  for 
the  student. 

[See  Lagrange's  Lemons  sur  le  Calcul  des  Fonctions,  Lefon 
lir  of  the  edition  of  1806,  or  Legon  lo"**  of  the  edition  of 
1808.  A  note  by  Poisson  on  page  239  of  the  edition  of  1808 
should  be  consulted ;  it  relates  to  the  second  of  the  above 
two  propositions.  See  also  Lacroix,  Traiti  du  Calcul  Biffe- 
rentiel ...,  Tome  IL  pp.  382  and  390.] 

10.  We  proceed  to  inquire  how  singular  integrals  may  be 
determined  from  the  differential  equation. 

Expressing  as  before  the  first  integral  involving  an  arbi- 
trary constant  in  the  form 

y«-i=/(»>  y>  Vi  •••  y«-8>  c) (47), 

we  have  as  the  derived  equation 


^"      1  dx 


I m 


the  brackets  in  the  second  member  indicating  that  in  effect- 
ing the  differentiation  y,  y^,  ...y^.,,  are  to  be  regarded  as 
functions  of  x.  The  differential  equation  of  the  w  order  is 
found  from  (48)  by  substituting  therein,  after  the  differentia- 
tion, for  c  its  value  in  terms  of  ar,  y^y^,  ...  y^^,  given  by  (47). 
The  result  assumes  the  form 

yn^<l>(^>y^yi'"y^i) (49)- 

Hence,  we  have 

^^in(49)=5«in(48)x^in(47). 
or,  representing  f(x,  y,  y^ ...  y^,,  c),  by/, 

-^  in  (49)  =  (^]  -  ^ 
^^«-i  \dxdcj  '  do' 

Hence, 

-tri^^^'l- ■ » 

provided  that  the  first  member  be  obtained  from  the  dif- 
ferential equation,  and  the  second  member  from  one  of  its 
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first  integrals  involving  c  as  arbitrary  constant.  It  is  to  be 
borne  in  mind  that  in  effecting  the  differentiation  with  respect 
to  a?  in  the  second  member,  we  must  regard  y,  y^, ...  y^g  as 
functions  of  x. 

Now  reasoning  as  in  Chap.  Vlii.  since  a  singular  solution 

makes  -^"~  =  0,  it  makes  its  logarithm,  and  in  general  the 

differential  of  its  logarithm,  infinite.  Thus  we  arrive  at  the 
following  conclusion. 

A  singular  integral  of  a  differential  equation  of  the  n^  order 

will  in  general  satisfy  the  condition  V^  =  «> ,  and  a  relation 

which  satisfies  both  this  condition  and  the  differential  equation 
will  be  a  singular  integral. 

Ex.  2.     Applying  this  method  to  the  equation, 

we  find,  on  differentiating  with  respect  to  y^  and  y,  only, 

-  {»+  2  {y.-xy,)}  dy,  +  )~  +  2x  (j/.-xy^)  -  2yJ^  dy.^O, 

whence 

dy^  2  (y,  ~  xy,)  +  X 

"^y^     ~-\-2x(y,-xy^)^2y^ 
Equating  the  denominator  of  this  expression  to  0,  we  find 

y^ "  4  (^Tl  j ' 

and  substituting  this  value  in  the  given  differential  equati<in, 
clearing  of  fractions,  and  dividing  by  x*  +  1,  which  will  present 
itself  as  a  common  factor, 

16a^y  +  16y  -  Safy^  -  16xy^  -  16y,'  +  x^  =  0, 

a  singular  integral.  The  equation  given  and  the  result  agree 
with  those  of  Ex.  1. 
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EXERCISES. 


S?  =  a;  +  sin  x. 


2. 


3. 


A L_ 


^y     ldy_ 

ax      X  ax 


o. 


A^2y 
dj?     X* ' 


The  two  following  are  reducible  to  Clairaut's  form. 
dx        do?    *^  \da?)' 

^'     \dx)      yda?''da/}\dx)    da?)' 

10.    Describe  the  diflFerent  kinds  of  homogeneity  in  differ- 
ential equations,  and  explain  their  connexion. 

The  two  following  homogeneous  equations  are  intended  to 
be  solved  by  the  method  developed  in  Art.  3. 


»■  -'S- (»-!)'■ 


>-  ^•S-^2-'©"-v. 


CH.  X.]  EXERCISES.  235 

13.  Sheyr  that  the  linear  equation  js  +  -P;v  +  Cy  =  0, 
belongs  to  one  of  the  honaogeneous  classes,  and  is  reducible  to 
an  equation  of  the  first  order  by  assuming  y  =  e  **". 

14.  Solve  the  linear  equation  -A  +  P  -^^  +  -j-  y  =  0. 

15.  Mainardi  has  remarked  (Tortolini,  Vol.  I.  p.  76),  that 
Liouville's  equation  Art.  7,  becomes  integrable  if  multiplied 

by  the  factor  (-r)  •  Applying  this  method,  deduce  the  com- 
plete primitive. 

16.  Liouville's  equation  may  also  be  solved  by  suppressing 
the  second  term  and  regarding  the  arbitrary  constant  in  the 
first  integral  of  the  result  as  an  unknown  function  of  x» 

17.  Shew  that  the  equation  J2  +  ^  ^  +  0  (J)"  =  0  is 

integrable  in  the  following  cases,  viz.  1st,  when  P  and  Q  are 
both  functions  of  x,  Sndly,  when  they  are  both  functions  of  y, 
Srdly,  when  P  is  a  function  of  x,  and  Q  a  function  of  y. 

18.  Given  ^3y=a^^. 

19.  Given  s  =  ^{a?  +  y').  (Transform  to  polar  co-ordinates.) 

20.  Given«  =  a-^.     Determine  the  relation  between  y 

ax 

and  X,  so  that  when  ar  =  0,  we  may  have  y  =  0,  and  ^r  =  0. 

21.  Equations  homogeneous  with  respect  to  x,  y,  and  s  can 
be  integrated  by  the  assumption  a?  =  e^,  y  =  e^u. 

ds  d^s 

22.  Given  3-  +  3y  -y-a  =  0,  required  the  complete  primitive 

relation  between  x  and  y. 

23.  «  =  V(^  +  2ca?). 

24.  8  =  V(y"  +  ma!^. 
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25.    Examine  the  solution  of  Ex.  24,  when  m  =  l  aud 
when  m  =  0. 

27.  Shew  that  a?  y^  is  an  exact  differential  coefficient 

28.  Shew  that  j^+ (2^-1)  ^  +  a?2  +  aj'^  =  0  is  an 
exact  differential  equation,  and  deduce  a  first  integral 

29.  The  equation  -^  +     ^    ^  ^  ^  =  0  becomes  integrable 

by  means  of  the  factor  2^1^  -^  —  2xy.     (Moigno,  Tom.  n. 
p.  672.)     Deduce  hence  a  first  integral. 

30.  Deduce  also  the  complete  primitive. 
81.     Find  a  singular  integral  of  the  equation 

/^y__2^ydV^1^0. 

32.  Hence  deduce  a  singular  solution  of  the  given  diflfer- 
ential  equation. 

33.  The  complete  primitive  of  the  differential  equation  of 
the  second  order  in  Ex.  31  is  required. 

34.  A  first  integral  of  the  differential  equation  of  the 
second  order y-xy^^-^y^-(jf^- xy^"" - ^a'  =  0  is 

y  +  ( ^ — an  a?'  -  (1  —  2a)  xy^  —  c?—  y^  =  0,  where  y^  stands  for 

dy 

dx 

and  ought  to  agree,  with  the  result  obtained  in  Art.  10. 

85.     Shew  that  the  complete  primitive  of  the  above  diflFer- 

ontial  equation  is  y  =  ^  a;'  +  6a;  +  a'  +  6*. 


.   Hence  deduce  the  singular  integral.    Shew  that  it  agrees, 
dx 
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36.  The  singular  integral  of  the  differential  equation  of 
the  second  order,  above  referred  to,  has  been  found  to  be 

16{l+a?)y-  8a?Vi  -  16a;y,  -fa;*-  IGy^'  =  0.     Ex.  2,  Art.  10. 
Shew  that  this  singular  integral  has  for  itscomplete  primitive, 

h  being  an  arbitrary  constant — and  that  this  is  a  singular 
solution  of  the  proposed  differential  equation  of  the  second 
order. 

37.  The  same  singular  integral  has  for  its  singular  solution 
16^  +  4a5*  +  aj*  =  0.  Prove  this.  Have  we  a  right  to  expect 
that  this  will  satisfy  the  differential  equation  of  the  second 
order  ? 

38.  By  reasoning  similar  to  that  of  Chap.  vill.  Art.  14, 
shew  that  a  singular  integral  of  a  differential  equation  of  the 
form  y«+/(i»,  y,  ^i  ....Vn-i)  =  0  will  render  the  integrating 
factor  of  that  equation  infinite. 

39.  Differential  equations  of  the  form  ^  ~/(;r )  ^^^  ^® 

integrated  by  obtaining  two  first  integrals  of  the  respective 
forms  x=f(j>,  c),  y=fi (p,  c),  and  equating  the  values  of  p, 

40.  Prove  the  assertion  in  Art.  9,  that  a  singular  solution 
of  a  singular  integral  of  a  differential  equation  of  the  second 
order  is  in  general  no  solution  at  all  of  the  equation  given. 
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CHAPTER  XL 


GEOMETRICAL  APPLICATIONS. 


1.  In  what  manner  differential  equations  afford  the  appro- 
priate expressions  of  those  properties  of  curves  which  involve 
the  ideas  of  direction,  tangency  or  curvature,  has  been  explained 
in  Chap.  i.  Ai*t.  11. 

Of  the  suggested  problem  in  which  from  the  expression  of 
a  property  involving  some  one  or  more  of  the  above  ele- 
ments it  is  required  to  determine,  by  the  solution  of  a  dif- 
ferential equation,  the  family  of  curves  to  which  that  property 
belongs,  some  illustrations  have  also  been  given  in  the  fore- 
going Chapters. 

Here  we  propose  to  consider  that  problem  somewhat  more 
generally. 

The  following  expressions  furnished  by  the  Differential 
Calculus  are  convenient  for  reference. 

For  a  plane  curve  referred  to  rectangular  co-ordinates  x  and 
y,  rcf  rf-onting  also  -£  by  p,  -£,  by  j, 

Tar.gent=^-^^-t^  .     Subtan.=-?^. 

Normal  =  y  (1  -|-  p")*.     Subnormal  =  t/p. 

Intercept  on  axis  x^^x  —  -. 

Intercept  on  axis  y  =  y  —  ocp. 

Dist.  from  origin  to  foot  of  normal  =  a;  -h  yp. 

Perpendicular  from  (a,  b)  on  tangent  =  ^^ ^ — -r       • 

(1  -^p*)^ 

Perpendicular  fit)m  {a,  b)  on  normal  = i_ZJ(l?. 

(1  -hp")* 
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Radius  of  curvature  =  T ^-^  . 

Co-ordinates  (a,  fi)  of  centre  of  curvature 

To  these  may  be  added  the  well-known  formulae  for  the  dif- 
ferentials of  arcs,  areas,  &c. 

It  is  evident  from  the  above  forms  that  problems  which 
relate  only  to  direction  or  tangency,  give  rise  to  dififerential 
equations  of  the  first  order — ^problems  which  involve  the  con- 
ception of  curvature  to  equations  of  the  second  order. 

When-  the  conditions  of  a  geometrical  problem  have  been 
expressed  by  a  differential  equation,  and  that  equation  has 
been  solved,  it  will  still  be  necessary  to  determine  the  species 
of  the  solution — ^general,  particular,  or  singular,  as  also  its 
geometrical  significance. 

2.  The  class  of  problems  which  first  presents  itself,  is  that 
in  which  it  is  required  to  determine  a  family  of  curves  by 
the  condition  that  some  one  of  the  elements  whose  expressions 
are  given  above  shall  be  constant. 

Ex.  1.  Required  to  determine  the  curves  whose  subnormal 
is  constant 

y  =  (2aaj  +  2c)i. 

The  property  is  seen  to  belong  to  the  parabola  whose  para- 
meter is  double  of  the  constant  distance  in  question,  and  whose 
axis  coincides  with  the  axis  of  x^  while  the  position  of  the 
vertex  on  that  axis  is  arbitrary. 

Ex.  2.  Required  a  curve  in  which  the  perpendicular  from 
the  origin  upon  the  tangent  is  constant  and  equal  to  a. 

Here  we  have 
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an  equation  of  CHairaut's  form,  of  which  the  complete  primi- 
tive is 

and  the  singular  solution 

The  forlner  denotes  a  family  of  straight  lines  whose  distance 
from  the  origin  is  equal  to  a,  the  latter  a  circle  whose  centre  is 
at  the  origin,  and  whose  radius  is  equal  to  a.  And  here,  as 
was  noted  generally  by  Lagrange,  the  singular  solution  seems 
to  be,  in  relation  to  geometry,  the  more  important  of  the  two. 

3.  A  more  general  class  of  problems  is  that  in  which  it  is 
required  to  determine  the  curves  in  which  some  one  of  the 
foregoing  elements,  Art.  1,  is  equal  to  a  given  function  of  the 
abscissa  x. 

Ex.  1.  Required  the  class  of  curves  in  which  the  subtan- 
gent  is  equal  tof(x). 

Here  we  have 

.  dy      dx 

whence  —  =  -——r , 

Thus  if  the  proposed  function  were  x*,  we  should  have 

as  the  equation  required. 

Ex.  2.  Required  the  family  of  curves  in  which  the  radius 
of  curvature  is  equal  to/(j:). 

Here  we  have 

dx^  .     1 

-=  + 


h®r ''-' 


ff.» 
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whence,  multiplying  by  dx  and  integrating, 

dy 

dx  _  C  dx 


^=^ii 


/w 


=  T  (x+  q. 


dx         

X  representing  the  integral  of -^^  .    Hence  we  find  by  alge- 
braic  solution 

^     {1-{X+Cy]^' 

J{i-{x+cy}^ 

in  which  it  only  remains  to  substitute  for  X  its  value,  and 
eflfect  the  remaining  integration. 

If /(a?)  is  constant  and  equal  to  a,  we  find 

a  a 

_  f    (x+aC)  dx         ^ 

whence  (y  -  CJ'  +  (a?  +  a  Cf  =  a", 

and  this  represents  a  circle  whose  centre  is  arbitrary  in  posi- 
tion, and  whose  radius  is  a. 

A  yet  more  general  class  of  problems  is  that  in  which  it  is 
required  that  one  of  the  elements  expressed  in  Art.  1  should  be 
expressed  by  a  given  function  of  x  and  y. 

An  example  of  this  class  is  given  in  Chap.  VII.  Art.  10, 

4.  We  proceed  in  the  next  place  to  consider  certain  pro- 
blems in  which  more  tii^an  one  of  the  elements  expressed  in 
Art.  1,  are  involved. 

B.D.E.  16 
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Ex.  !•    To  determine  the  curves  in  which  the  radius  of 
curvature  is  equal  to  the  normal. 

If  the  radius  of  curvature  have  the  same  direction  as  the 
normal  we  shall  have 


d!^ 


whence 


y'/Afh-'O  ■■■■■■■ (^)- 


The  first  side  multiplied  by  dxx%  an  exact  differential  and 
gives 

■      ^^-^^^'^ 

whence  again  integrating 

3^'  +  a;»  =  2ca;  +  c'... (3), 

the  equation  of  a  circle  whose  centre  is  pn  the  axis  of  x. 

If  the  direction  of  the  radiu^  of  curvature  be  opposite  to  that 
of  the  normal,  it  will  be  necessary  to  change  the  sign  of  the 
first  member  of  (1).    Instead  of  (2)  we  shall  have 


»3-(l)'->-o (•). 


and  this  equation  not  containing  o^  we  may  depress  it  to  the 
first  order  by  assuming  ^  =  P-    The  transformed  equation  is 

,  «cfo)       dy 

whence  \     -^  =  -^ 

F  +  1      y 
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Substituting  for  p  its  value  -r^ ,  we  find  on  algebraic  solu- 
tion 

cdy 


dx 


whence         x=  c'  +  clog{y+  (y'-c*)*} (5). 

This  equation,  reduced  to  the  exponential  form 

y=2[^'-^e  '). (6). 

is  seen  to  represent  a  catenary. 

The  solution  therefore  indicates  a  circle  when  the  directions 
of  the  radius  of  curvature  and  of  the  normal  are  the  same,  but 
a  catenary  when  they  are  opposed.  The  latter  curve  has, 
however,  many  properties  analogous  to  those  of  the  circle. 
(Lacroix,  Tom.  ii.  p.  459.) 

Ex.  2,  To  find  a  curve  in  which  the  area,  as  expressed 
by  the  formula  Jydxy  is  in  a  constant  ratio  to  the  correspond- 
mg  arc. 

We  have         .  y=(7(H-/)*, 

which,  agreeing  in  form  with  the  last  diflferential  equation  of 
the  preceding  problem,  shews  that  (5)  represents  the  curve 
required,  and  connects  together  the  properties  noticed  in  the 
last  two  examples. 

Ex.  3.  Required  the  class  of  curves  in  which  the  length  of 
the  normal  is  a  given  function  of  the  distance  of  its  foot  from 
the  origin. 

The  diflferential  equation  is 

y{l  +  p')^=f(a!  +  yp) (1). 

and  it  belongs  to  the  remarkable  class  discussed  in  Chap.  vii. 
Art.  9,  where  the  complete  primitive  is  given,  viz*. 

y'+{x-ay=^{f{a)Y ..(2). 

This  represents  a  circle  whose  centre  is  situated  on  the  axis  of 
a;  at  a  distance  a  from  the  origin,  and  whose  radius  is  ^qual  to 

16—2 
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f{a).     It  is  evident  that  this  circle  satisfies  the  geometrical 
conditions  of  the  problem. 

But  there  is  also  a  singular  solution,  found  by  eliminating 
the  constant  a  between  (2)  and  the  equation  derived  &om  (2) 
by  differentiation  with  respect  to  a,  viz. 

a?-a+/(a)/'(a)=0 (3). 

For  instance^  ^f{^)  =  ^^  we  have  to  eliminate  a  between 
the  equations 

2  (a;  —  a)  +  n  =  0, 
from  which  we  find 

the  equation  of  a  parabola.  While  in  this  example  the  com- 
plete primitive  represents  circles  only,  the  singular  solution 
represents  an  infinite  variety  of  distinct  curves,  each  originat- 
ing in  a  distinct  form  of  the  function /(a).  Other  illustrations 
of  this  remark  will  be  met  with. 

The  above  problem  was  first  discussed  by  Leibnitz,  who  did 
not,  however,  regard  its  solution  as  dependent  upon  that  of  a 
differential  equation,  but,  establishing  by  independent  con- 
siderations the  equation  (2),  which  constitutes  in  the  above 
mode  of  treatment  the  complete  primitive  of  a  differential 
equation,  arrived  at  a  result  equivalent  to  its  singular  solu- 
tion by  that  kind  of  reasoning  which  is  employed  in  the  geo- 
metrical theory  of  envelopes.  Indeed  it  was  in  the  discussion 
of  this  problem  that  the  foundations  of  that  theory  were  laid 
(Lagrg,nge,  Calcul  des  Fonctions,  p.  268). 

5.  A  certain  historic  interest  belongs  also  to  the  two  fol- 
lowing problems,  famous  in  the  earlier  days  of  the  Calculus,  viz. 
the  problem  of  'Trajectories'  and  the  problem  of  'Curves  of 
Pursuit.'  These  we  shall  consider  next.  They  will  serve  to 
illustrate  in  some  degree  the  modes  of  consideration  by  which 
the  differential  equations  of  a  problem  are  formed  when  a  mere 
table  of  analytical  expressions  suffices  no  longer. 
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Trajectories, 

SupposiDg  a  system  of  curves  to  be  described,  the  diflferent 
members  differing  only  through  the  different  values  given  to 
an  arbitrary  constant  in  their  common  equation — a  curve 
which  intersects  them  all  at  a  constant  angle  is  called  a  tra- 
jectory, and  when  the  angle  is  righl^  an  orthogonal  trajectory. 

To  determine  the  orthogonal  trajectory  of.  a  system  of 
curves  represented  by  the  equation 

<j^fe  y,  c)  =  0 (1). 

Representing  for  brevity  ^  (x,  y,  c)  by  ^,  we  have  on  dif- 
ferentiating 

Hence,  for  the  intersected  curves, 

dy  ^     d<^     d(^ 
dx         dx  *  dy' 

Now  representing  this  value  by  m,  and  the  corresponding 
value  of  -^  for  the  trajectory  by  rn,  we  have,  by  the  condition 

of  perpendicularity,  m  =  — .     Hence  for  the  trajectory 

dt/  __d(f>     d(f> 

dx^  dy  '  dx* 

|*'-5*-» •••■•(^>- 

which  must  be  true  for  all  values  of  c.  Hence  the  differential 
equation  of  the  orthogonai  trajectory  wiU  he  found  by  elimi- 
nating c  between  (1)  and  (2). 

Were  the  equation  of  the  system  of  intersected  curves  pre- 
sented in  the  form 

^  (x,  y,  a,  h)  =  0, 

a  and  6  being  connected  by  a  condition 

t(a,6)  =  0, 


O       A 


^i 


'  .y 


I 
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we  should  have  to  eliminate  a  and  6  between  the  above  two 
equations^  and  the  equation 

rf<^(a?,  y,  a,  h)  ^     d<f>  (x,  y,  a,  h)  ^       q^ 
di/  dx  ^       ' 

We  shall  exemplify  both  forms  of  the  problem. 

Ex.  1.    Required  the  orthogonal  trajectory  of  the  system 
of  curves  represented  by  the  equation  y  =  cic". 

Here  <^  =  y  —  ex*,  whence  by  (2) 

dx  +  ncd^'^  dy  =  0. 

Eliminating  c, 

xdx  +  nydy  =  0 ; 

therefore  a?'  +  /ly*  =  c', 

the  equation  required. .  "We  see  that  the  trajectory  will  be  an 
ellipse  for  all  positive  values  of  n  except  n  =  1, — ^an  ellipse, 
therefore,  when  the  inti3rsected  curves  are  a  system  of  common 
parabolas.  The  trajectory  is  a  circle  if  n  =  1,  the  intersected 
system  then  being  one  of  straight  lines  passing  through  the 
origin.     The  trajectory  is  an  hyperbola  if  w  is  negative. 

Ex.  2.     Required  the  orthogonal  trajectory  of  a  system  of 
confocal  ellipses. 

The  general  equation  of  such  a  system  is 

a      0 
a  and  b  being  connected  by  the  condition 

where  h  is  the  semi-distance  of  the  foci,  and  does  not  vary 
from  curve  to  curve.  Hence  we  have  to  eliminate  a  and  b 
from  the  above  equations,  and  the  equation 

litdx-^dy^O; 
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the  result  is 

the  solution  of  which  may  be  deduced  from  that  of  Ex.  3, 
Chap.  VIL  Art.  10,  by  assuming  therein  A  =  l,  B  =  h*,  We 
find 


f  -  cV  =  - 


AV 


c'+l' 
and  this  may  be  reduced  to  the  form 

Oj  and  b^  being  connected  by  the  condition 

Thus  the  trajectory  is  an  hyperbola  confocal  with  the  given 
system  of  ellipses. 

6.     When  the  trajectory  is  oblique,  then  6  being  the  angle 
which  it  makes  with  each  curve  of  the  system,  and  m  and  m 
having  the  same  significations  as  before, 

/  __  m  +  tan  0 
i  —  m  tan  0  * 

or,  substituting  for  m  its  former  value  —  j-  -^  -j^,  and  for  m 

ax     ay 

its  value  -^  as  referred  to  the  trajectory,  we  have  on  reduc- 
tion 

dy     dy  dx 

^   f+pi^e ^^' 

ay     dx 

an  equation  from  which  it  only  remains  to  eliminate  c  by 
means  of  the  given  equation  in  order  to  obtain  the  differential 
equation  of  the  trajectory. 

Ex.    Kequired  the  general  equation  of  the  trajectories  of 
the  system  of  straight  lines  y  =  oo;. 
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Here  ^^y  —  cue,  iv hence  by  (3) 

dy      tan  ^  +  a 
dx     1  —  a  tan  0 

^ictan^4-.y 
^  a?  —  y  tan  6 ' 

or  (y  +  a?  tan  0)dx-\-{y  tan  0  —  x)dy=^O, 

a  homogeneous  equation,  an  integrating  factor  of  which  being 

-r, — « ,  we  have 

ydx  —  xdy     ^      >,  irda?  +  ydy 

whence  integrating 

tan"*  -  4-  tan  ^  log  («*  +  y*)^  =  c. 

If  we  change  the  co-ordinates  by  assuming  a;  =  rcos<^, 
y  =  r  sin  ^,  we  get 


r  =  ae- 


the  equation  of  a  logarithmic  spiral. 

The  following  example,  which  is  taken  from  a  Memoir  by 
Mainardi  (Tortolini's  Annali  di  Scienze  Matematic^  e  Fisiche, 
Tom.  I.  251),  is  chiefly  interesting  from  the  mode  in  which 
the  integration  is  effected. 

Required  the  oblique  trajectory  of  a  system  of  confocal 
ellipses. 

^  Representing  the  tangent  of  the  angle  of  intersection  by  n, 
we  have  to  eliminate  a  and  b  between  the  equations 


-!  +  ^  =  l,    a*-6^  =  A», 


a»  ■  b' 


P  = 


6"        a 
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The  result  may  be  expressed  in  the  form 

{waj  +  y  +  {ny  -  x)  p]  [x  —  ny  +  {nx  •{-  y)  p]  ^h^(n-  p)  (1  +  np). 

To  integrate  this  equation  let  us  assume 

x  —  ny-^  (nx  +  y)p  =  Jf  (1  +  np), 

M  [nx  +  y  +  (ny  —  x)p]  —  h^  (n — jp). 

As  these  on  multiplication  reproduce  the  given  equation 
the  assumption  is  legitimate. 

Eliminating  p  from  the  last  two  equations,  and  dividing 
by  1  +  n\  we  have 

(x»+y»+A')if=a?(ilf«H-A») (a). 

Differentiating  this  equation  and  eliminating  y  and  p  from  the 
result  by  the  aid  of  any  two  of  the  last  three  equations  (it 
is  evident  that  two  only  are  independent),  we  obtain  a 
differential  equation  between  M  and  a?,  which  is  capable  of 
expression  in  the  form 

_^^(!fi— ,  +  —1^=0 (J). 

{A«  {xM)  -  (xMy}i     ^(iZEt 

X  \         xJ 

[For  (a)  may  be  written  thus : 

Jfy»=  (x^M)(h^''xM) (c) ; 

differentiating  we  have 

.(i-f)(*--«iO-(.-iO(^.-f); 
=  (i-f)(i--«JO-(-i')(^+«S)^ 
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therefore        2y^3f +^^^'-^^=y-2^3f+3r. 


£ut 


dx  M         dx 

dy  _    M  +  ny  —  x 
dx     n{x—M)+y' 


therefore        2My  (M-x)  +  2nM/ 

^y^h*-2xM  +  M*-^{h*-W)^\ 


therefore 


y  {M*-h*)  +  2n[x-M)  {h*-xM)+^  (h*-iP)^ 
=  n(x-Af)k*-2xM-i-M*--^{h*-M')^; 

therefore         {M*-h')(y-'^'^']-n{x-M){AP-h*) 

therefore           y-f^^ -n(x-M)  =  n{x-M)jf^; 
therefore    n(x^M)  (M+x-j-]-\'y(x--^ M]  =  0; 

therefore    n(x  —  M)  —  ^—^  +  ya^-, =  0. 

'ax        ^    ax  X 
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Hence  by  the  aid  of  (c)  we  obtain  (J).] 
Hence,  by  integration 

in  which  it  is  only  necessary  to  substitute  for  M  its  value  in 
terms  of  x  and  y  deduced  from  (a). 

Curves  of  Pursuit, 

7.  The  term  curve  of  pursuit  is  given  to  the  path  which 
a  point  describes  when  moving  with  uniform  velocity  towards 
another  point  which  moves  with  uniform  velocity  in  a  given 
curve. 

Let  X,  y  be  the  co-ordinates  of  the  pursuing  point,  x\  y  the 
simultaneous  co-ordinates  of  the  point  pursued.  Also  let  the 
equation  of  the  given  path  of  the  latter  be 

/(x'.2^>0 (4). 

Now  the  point  pursued  being  always  in  the  tangent  to  the 
path  of  the  point  which  pursues,  its  co-ordinates  must  satisfy 
the  equation  of  that  tangent.    Hence^ 

-y=S(^'-^) (5). 


y 


dx 


Lastly,  the  velocities  of  the  two  points  being  uniform,  the 
corresponding  elementary  arcs  will  be  in  the  constant  ratio  of 
the  velocities  with  which  they  are  described.  Hence,  if  the 
velocity  of  the  pursuing  point  be  to  that  of  the  point  pursued 
as  71  :  1«  we  have 

n  ^{dx''  +  dy^)  =  ^/(da?  +  df), 

or,  taking  x  as  independent  variable, 
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the  sign  to  be  given  to  each  radical  being  positive  or  negative, 
according  as  the  motion  tends  to  increase  or  to  diminish  the 
corresponding  arc. 

From  (4)  and  (5),  when  the  form  of  the  function /(a?',  y')  is 

determined,  x  and  y'  may  be  found  in  terms  of  x,  y,  and  -p  , 

and  these  values  enable  us  to  reduce  (6)  to  an  eq  nation  be- 

tween  x,y,-^,   -^ .     It  only  remains  to  solve  this  diflfer- 

ential  equation  of  the  second  order.  If  the  signs  of  the 
radicals  are  both  changed,  the  motion  in  each  curve  is  simply 
reveraed,  and  the  curve  of  pursuit  becomes  a  curve  of  flight. 
But  the  differential  equation  remaining  unchanged,  the  forms 
of  the  curves  are  unchanged,  and  only  their  relation  inverted. 

Ex.  A  particle  which  sets  off  from  a  point  in  the  axis  of  a?, 
situated  at  a  distance  a  from  the  origin,  and  moves  uniformly 
in  a  vertical  direction  parallel  to  the  axis  of  y,  is  pursued  by 
a  particle  which  sets  off  at  the  same  moment  from  the  origin 
and  travels  with  a  velocity  which  is  to  that  of  the  former  as 
n  :  1.     Required  the  path  of  the  latter. 

The  equation  of  the  path  of  the  first  particle  being  x'  =  a, 
(5)  becomes 


y 


^y  =  g(a-a.). 


whence 


y'  =  y+(a-aj)g. 


Thus  we  have 
and  the  differential  equation,  both  radicals  being  positive,  is 
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Hence 

d^  1 


1  + 


\dx) . 


n(a  —  x) 


V 

Multiplying  by  dx  and  integrating 

dv      1  -i      1  - 

therefore         3^  =  5  {''(""*)  *  —  (<*  —  «')"}• 


Hence,  if  n  be  not  equal  to  1, 


.i4     ,  ,         .i*.\ 


(5). 


1  fc  (a  -  »)   -     1  (a  -  ar)  -1       , 

n  n 

But  if  /I  be  equal  to  1,  we  have 

dy  _  1  fa?  —  a        c 

whence 

8.  The  class  of  problems  which  we  shall  next  consider  is 
introduced  chiefly  on  account  of  the  instructive  light  which 
it  throws  upon  the  singular  solutions  of  differential  equations 
of  the  second  order. 


Inverse  Problems  in  Oisometry  and  Optics. 

The  problems  we  are  about  to  discuss  are  the  following : 
1st,  To  determine  the  involutp  of  a  plane  curve.  2ndly,  To 
determine  the  form  of  the  reflecting  curve  which  will  produce 
a  given  catLStic,  th6  incident  rays  being  supposed  parallel. 
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In  both  these  problems  we  shall  have  occasion  in  a  parti- 
cular part  of  the  process  to  solve  a  differential  equation  of  the 
first  order  of  the  form 

y-x<l,(j,)^ff'^<l>{p)-<l>{p)f-^il>(p) (7), 

in  which  <f>  and /are  functional  symbols  of  given  interpreta- 
tion, and/'"^  is  a  functional  svmbol  whose  interpretation  is 
inverse  to  that  of  the  symbol  /'.     Thus,  if /(a?)  =  sin  a?,  then 

f  {x)  =  cos  X,     /'"^  (x)  =  cos"*  X. 

It  will  somewhat  less  interrupt  the  theoretical  observa- 
tions for  the  sake  of  which  the  above  problems  are  chiefly 
valuable,  if  we  solve  the  equation  (7)  under  its  general  form 
first. 

Referring  to  Chap.  VIL  Art.  7,  we  see  that  (7)  will  become 
linear  if  we  transform  it  so  as  to  make  either  of  the  primitive 
variables  the  dependent  variable,  and  either  p  or  any  function 
of  ^  the  independent  variable. 

Let  us  then  assume 

(f>  (p)  =  r, 

and  transform  the  differential  equation  so  as  to  make  x  and  v 
the  new  variables. 

Substituting  v  for  ^  (p)  in  (7),  we  have 

y-xv=/f-\v)-vf-'(v) (8). 

t 

Differentiating,  and  regarding  v  as  independent  van'able, 

But 

dtf  _    dx  _  , ., .  .  dx 

dv  ~  "  dv~         ' «?»  * 


X 
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Hence, 

or, 

dx  X        ^   f''(v) 

dv     V  — 0~^(t;)     v  — <^"^(i;)' 

Hence,  if  for  brevity  we  write 

/t^=^(^) (»)' 

we  have 

whence 

«  -/"'(«)  =  e-'W*')  {Cf- ffi+W  rf/-'(»)} (10), 

between  which  and  (8), « inust  he  eliminated. 

If  in  those  equations  we  make  /'"*  (v)  =  tj  they  assume  the 
somewhat  more  convenient  form, 

and  these  may  yet  further  be  reduced  to  the  form 


C--U/'«)rf^ 


/(O  ^^^        

From  these  equations  it  only  remains  to  eliminate  t  the 
forms  of  /"and  0  being  specified,  and  that  of  -^  given  by  (9) ; 
and  this  is  apparently  the  simplest  form  of  the  solution. 
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9.  We  shall  now  proceed  to  the  special  problems  under 
consideration. 

To  determine  the  involute  of  a  plane  curve. 

It  is  evident  from  the  equations  which  present  themselves 
in  the  investigation  of  the  I'adius  of  curvature,  that  if  a?,  y  be 
the  co-ordinates  of  any  point  in  a  plane  curve,  and  x^  y  those 
of  the  corresponding  point  in  the  evolute,  then 

where.  ^  =  -T^,    ?  =  ;j3   (Todhunter's  Differential  Calculus, 
Art.  320).    Hence,  if  the  equation  of  the  evolute  be 

y'=/(a>V. a2), 

we  shall  have  on  substituting  therein  for  y  and  a?'  the  values 
above  given. 


.-H^-/{»-^«5}, 


(13), 


a  differential  equation  of  the  second  order  connecting  x  andy, 
and  therefore  true  for  each  point  of  the  curve  whose  evolute 
is  given.  Of  that  evolute  the  curve  in  question  is  an  involuie. 
Hence,  if  y  =/(» )  be  the  equation  of  a  given  curve,  the 
equation  of  its  involute  will  satisfy  the  differential  equa- 
tion (13). 

Now  suppose  that  nothing  was  known  of  the  genesis  of  the 
above  equation,  and  that  it  was  required  to  deduce  its  complete 
primitive,  and  its  singular  solution,  should  such  exist. 

Upon  examination  the  equation  (13)  will  prove  to  be  of  a 
kind  analogous  to  that  of  Chap.  VII.  Art.  9.    If  we  assume 

X~^—^ tlZ  =  ct...; (U), 
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a  and  b  being  arbitrary  constants,  we  shall  find  that  each  of 
these  leads  by  differentiation  to  the  same  differential  equation 
of  the  third  order,  viz. 

3p2""(l+i>')r=0 ...(16), 

where  r  stands  for  -^^ .    It  follows  hence,  that  a  first  integral 

of  (13)  will  be  found  by  eliminating  q  between  (14)  and  (15), 
and  connecting  the  arbitrary  constants  b  and  a  by  the  relation 
b  =f(a)*    Eliminating  j,  we  find 

a:-a  +  (y-6)p  =  0 (17), 

wherein  making  b  =:f(a),  we  have 

a.-a+{y-/(a)}^  =  0 (18), 

for  the  first  integral  in  question.    Again,  integrating,  we  have 

(«._„)«+ {y-/(a)}«  =  ^ (19), 

in  which  a  and  r^are  arbitrary  constants.  This  is  the  conaplete 
primitive  of  (13).  It  is  manifest  from  its  form  that  it  repre- 
sents, not  the  involute  of  the  given  curve,  but  the  circles  of 
curvature  of  that  involute.  Indeed,  that  the  complete  primi- 
tive cannot  represent  the  involute  might  have  been  affirmed 
a  priori.  The  equation  of  the  involute  of  a  given  curve  cannot 
involve  in  its  ex;pression  more  than  one  arbitrary  constant ; 
for  the  only  element  left  arbitrary  in  the  mechanical  genesis 
of  the  involute  is  the  length  of  a  string. 

It  remains  to  examine  the  singular  solution  of  (13).  This 
is  most  easily  deduced  by  eliminating  a  between  the  first 
integral  (18)  and  its  derived  equation  with  respect  to  a,  viz. 
between  the  equations 

a?  — a-l-{y— /(a)}p  =  0 (20), 

-l-/(a);)  =  0 (21). 

From  the  second  of  these  we  have 


-^(t)-  , 


B.  D.  E.  17 
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Heuce  eliminating  a  from  (20) 


or 


«  +  yp=/'-'(^)+i>//'-'(y) (22), 


which  is  the  singular  solution  of  (13),  and  the  differential 
equation  of  the  first  order  of  the  involute  sought. 

This  equation  is  a  particular  case  of  (7).    If  we  express  it 
in  the  form 

-(l^)^-//-(y)-(TK'(y)- 

we  see  that  it  is  what  (7)  would  become  on  making 

Hence  comparing  with  the  general  solution  (11)  we  .have 


^(t;)=|JL=log(t,«  +  l)i. 


V  + 
V 


Thus  the  system  (11)  becomes 

a^-t^^-J^ 1 (23). 

The  final  solution  is  therefore  expressed  in  the  following 
theorem. 

Given  the  equation  of  a  curve  in  the  form  y  =/(a?'),  ihai 
of  its  involute  is  found  by  eliminating  tfrom  the  system  (23). 

10.  Parallel  rays  incident,  in  a  given  direction,  on  a  reflect- 
ing plane  curve  produce  after  reflection  a  caustic  whose  equa- 
tion is  given.    The  equation  of  the  reflecting  curve  is  required. 
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Let  IP  be  a  ray  incident  parallel  to  the  axis  of  a;  on  a  point 
P  in  the  reflecting  curve  SPM,  Fig.  1,  FP'Q  the  reflected  ray 
cutting  the  axis  of  a;  in  Q  and  touching  the  caustic  S'PiT  in 
P,  Let  a?,  y  be  the  co-ordinates  of  P,  x\  y  those  of  P\  Let 
the  equation  of  the  caustic  be  y  ^f{x). 

It  is  an  easy  consequence  of  the  law  of  reflection  that  the 
angle  PQX  which  the  reflected  ray  makes  with  the  axis  of  x 
is  double  of  the  angle  PTX  made  by  the  tangent  at  P  with 
the  axis  of  x.    This  at  once  gives  us  the  equation 

y-y  _    2p 
where  P^~^ '    Hence 

y-y'-Y^(a'-a'')=o (24). 

As,  however,  {x\  y')  is  a  point  at  which  consecutive  re- 
flected- rays  intersect,  we  are  permitted  to  differentiate  the 
above  equation  regarding  x  and  y'  as  constant  while  x  and  y 

Yary.    We  thus  obtain,  representing  -jA  by  g, 
„       2p  ^^2g(l-f)')  +  V(? 


or 


whence  x—af  =  —       «        . 

2j 

and  a,'  =  a,+y<^^~y*) (25). 

Substituting  this  value  in  (24),  we  have 

y     y      l-p*^  2q  q   ' 

V* 

whence  y'  =  y+  — (26). 

17—2 
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Were  the  equation  of  the  reflecting  curve  given  and  that  of 
the  caustic  required,  it  would  only  be  necessary  to  substitute 
in  (25)  and  (26)  the  values  of  p  and  q  in  terms  of  ajandy  derived 
from  the  former,  and  then  by  eliminating  x  and  y  from  the 
three,  to  deduce  the  relation  between  x*  and  y. 

Conversely,  todetermine  the  reflecting  curve  we  must  elimi- 
nate X  and  y'  from  (25),  (26)  and  the  equation  of  the  caustic, 
viz.  y'  =f{x).  The  result  which  is  obtained  by  mere  substi- 
tution is 


.^f/{-H-^-fl^}.. OT. 


a  diflferential  equation  of  the  second  order,  the  solution  of 
which  will  determine  in  the  fullest  manner  the  possible  rela- 
tions between  x  and  y  which  are  consistent  with  the  conditions 
of  the  problem. 

Were  this  equation  given  and  nothing  known  respecting  its 
origin,  we  might  at  once  infer  that  it  is  of  a  class  analogous  to 
those  of  Chap.  vii.  Art.  9.     For  writing 

y+|  =  6,    .+P^^a (28). 

we  find  that  each  of  these  leads  by  differentiation  to  the  same 
differential  equation  of  the  third  order.     For  the  first  gives 

while  the  second  gives 

3     3         {l-p^)pr^ 
2     2^  2^  "' 

and  these  lead  to  the  same  value  of  the  differential  coefficient 
of  the  third  order,  r,  viz. 

J? 

this  constituting  the  essential  criterion  of  agreement  between 
differential  equations  of  the  third  order.  . 
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Accordingly,  eliminating  q  from  (28)  and  afterwards  making 
h—f{a)  by  virtue  of  (27),  we  find 

P       _    1-P* 


f{a)-y     2{a-xy 

or  y-/(«)-l^(«'-«) (29), 

which  is  a  complete  first  integral  of  (27).  We  see  that  it  agrees, 
and  necessarily  so,  with  (24),  a  only  taking  the  place  of  x  and 
f{a)  that  of  y. 

The  complete  integral  of  (29)  will  be  found  to  be 

[y-f{a)Y^4m{x-a)  +  ^m^  (30), 

m  being  an  arbitrary  constant.  And  this  is  the  complete 
primitive  of  (27).  If  we  substitute  x  for  a,  which  we  may 
without  loss  of  generality  do,  then  /(a)  =f(x)  =y',  so  that 
the  above  equation  gives 

(y  —  y')'  =  4m(ic  — fl?'  +  m)  (31) ; 

and  this  is  evidently  the  equation  of  a  parabola  whose  axis  is 
parallel  to  the  axis  of  x,  whose  focus  is  upon  the  caustic  curve, 
but  which  is  in  no  other  way  limited.  The  complete  primitive 
of  (27)  represents  then  a  system  of  such  parabolas. 

It  is  plain  that  any  such  system  does  constitute  a  true  solu- 
tion of  the  problem,  rays  falling  upon  the  interior  arc  of  a 
parabola,  and  parallel  to  its  axis,  being  accurately  reflected  to 
the  focus. 

It  remains  to  deduce  the  singular  solution  of  (27).  Differ- 
entiating its  first  integral  (29)  with  respect  to  a,  we  have 

whence  0=/'"'  (j^)  . 

and  substituting  this  in  (29) 
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»  »-i^'-//^(i!^)-i^-r'(i^)-w 

This  is  the  differential  equation  of  the  involute.  Its  com- 
plete integral  may  be  deduced  from  the  general  solution  in 

Art.  8,  by  making  ^(p)  =  t-^~*  >  whence  we  have 

=  log  {V(l  + 1;^  +  !}• 
Hence  the  system  (11)  becomes 

from  which^  after  the  integration  has  been  effected,  t  must  be 
eliminated. 

If,  as  before,  we  replace  t  by  x',  and  f(t)  by  j/  and  there- 
fore  f{£)  by  -^ ,  then,  since  we  have 

V{i+/W}d«=*'> 

where  «'  represents  the  arc  of  the  caustic,  the  above  system 
assumes  the  following  form, 

'-^="^=77^ "*'■ 

dx  dx 

from  which,  when  8  is  determined,  x'  and  y  must  be  elimi- 
nated by  means  of  the  equation  of  the  given  curve. 

From  the  above  it  appears  that,  the  incident  rays  being 
parallel,  the  reflecting^  curve  can  always  be  determined  when 
the  caustic  can  be  rectified.  > 

We  see  also  from  the  nature  of  the  connexion  between  the 
singular  solutions  and  the  ordinary  primitives  of  differential 
equations,  that  the  reflecting  curve  is  in  reality  the  envelope  of 
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a  system  of  parabolas  whose  axes  are  parallel  to  the  direc- 
tion of  incident  rays,  whose  foci  are  on  the  caustic,  and 
whose  parameters  are  subject  to  such  a  relation  as  makes  that 
envelope  to  have  contact  of  the  second  order  with  the  cuives 
out  of  whose  differential  elements  it  is  formed.  It  is  not 
merely  an  envelope,  but  an  osculating  envelope. 

Analogy  makes  it  evident  that  when  the  rays  instead  of 
being  parallel  issue  from  a  given  point,  the  reflecting  curve  is 
the  osculating  envelope  of  a  system  of  ellipses,  each  of  which 
has  one  focus  at  the  radiant  point,  and  the  other  on  the  arc  of 
the  caustic,  the  elliptic  elements  being  further  so  conditioned 
as  to  render  such  osculations  possible. 

Lastly,  it  is  plain  that  the  problem  of  caustics  in  its  direct 
and  in  its  inverse  form,  as  stated  above,  is  in  strict  analogy 
with  the  direct  and  the  inverse  form  of  the  problem  of  curva- 
ture, osculating  parabolas  and  ellipses  occupying  the  place  and 
relation  of  osculating  circles. 

The  above  examples  might  also  be  treated  by  a  remarkable 
method,  the  consideration  of  which  will  fitly  close  this  Chapter. 

Intrinsic  Equation  of  a  Curve. 

11.  There  are  certain  problems,  the  solution  of  which  is 
much  facilitated  by  the  employment  of  what  Dr  Whewell  has 
happily  termed,  the  intrinsic  equation  of  a  curve,  viz.  the 
equation  which  expresses  the  relation  between  the  length  of  an 
arc  and  the  angle  through  which  it  bends,  the  latter  being  in 
more  precise  language  the  angle  of  deviation  of  the  tangent 
from  the  tangent  at  the  origin.  These  elements  are  called 
intrinsic  because  they  are  independent  of  any  external  lines  of 
reference,  and  it  will  be  noted  that  they  form  a  system  dif- 
fering essentially  from  all  systems  of  co-ordinates  which  begin 
by  the  defining  of  the  position  of  a  point,  and  in  the  applica- 
tion of  which  a  curve  is  contemplated  as  a  collection  of  points. 

The  conceptions  of  length  and  deviation  upon  which  the 
above  system  is  founded,  might  be  replaced  by  the  not  less  fun- 
damental conceptions  of  length  and  curvature,  the  equation  of 
the  curve  being  then  expressed  in  terms  of  its  radius  of  curva- 
ture at  the  extremity  of  an  arc  and  the  length  of  that  arc.    Or, 
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in  place  of  either  of  these  systems,  we  might  employ  that  which 
detiDes  a  curve  by  the  relation  which  connects  the  curvature  at 
any  point  with  the  deviation  of  the  tangent.  Of  the  three 
elements,  length,  curvature,  and  deviation,  any  two  indeed 
will  together  constitute  an  equivalent  system.  Euler,  in  a 
particular  class  of  problems,  employed  the  combination  last 
described.  Here  we  shall  select  the  one  first  mentioned, 
and  shall  borrow  our  chief  illustrations  of  its  use  from  the 
memoir  of  Dr  Whewell  {Cambridge  Philosophical  Trans- 
actions, Vol.  VIII.  p.  659,  and  Vol.  ix.  p.  150). 

Representing  by  s  the  variable  length  of  an  arc  the  begin* 
ning  of  which  is  assumed  as  origin,  and  by  <f>  the  correspond- 
ing angle  of  deviation,  the  intrinsic  equation  is  of  the  form 

s^f{<l>) (35). 

Thus  in  fig.  2,  8p  =  8  sxxd  ATS=^<I>. 

From  this  equation  the  ordinary  equation  in  rectangular  co- 
ordinates may  be  found  in  the  following  manner.  Still  taking 
the  beginning  of  the  arc  as  origin,  let  the  tangent  at  that  point 
be  taken  as  the  axis  of  x,  then  will  the  element  of  the  curve 
ds  be  inclined  at  an  angle  ^  to  the  axis  x.  Its  projection  on 
the  axis  of  x  will  therefore  be  cos  (f>ds,  and  this  being  the  dif- 
ferential element  of  the  co-ordinate  x,  we  have 

dx  =  cos  ^ds  =  cos  ^/'(^)  d^,  by  (35). 

Hence  a^j  cos (f>f{<l>)d^  (36), 

and  by  symmetry 

y  ^  j  Bin  <f>f{<l>)  d<f^ (37). 

Between  these  equations  after  integration  ^  must  be  elimi- 
nated ;  the  result  involving  x,  y  and  two  arbitrary  constants 
will  be  the  equation  required. 

It  is  worth  while  to  notice  that  the  above  result  may  be 
obtained  independently  of  the  consideration  of  a  projection. 

For  since  «  =  Hi  -f-  (-— j  [  dx^  we  have 


X 


s 
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whence  {^  ^  (S)l  ^^fi'i>)^4> • (38)' 

But,  since  -#  =  tan  ^,  the  above  becomes 

sec  <f>dx  =/'  (<^)  d<^, 

dic  =  cos^(^)ciJ^, 

=jcos<^/(^)d^, 
and  in  like  manner  employing  for  8  the  equivalent  formula 

y^JBm(f>f(^)dft}, 

which  agree  with  the  previous  expressions. 
Another  consequence  should  also  be  noted,    From  (38)  we 

...e{l.(|)]'=/(«g. 

Therefore    ^      jp^  ?  =/'W- 

Now  the  first  member  being  the  expression  for  the  radius  of 
curvature  p  of  the  given  curve,  we  have 

P=/'W (39). 

Thus  the  radius  of  curvature  is  determined. 
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12.  Given  the  ordinary,  to  deduce  the  intrinsic  equation 
of  a  curve. 

The  values  of  s  and  ^  having  been  first  expressed  in  terms 
of  the  co-ordinates^  it  only  remains  to  eliminate  those  co- 
ordinates between  the  two  equations  thus  formed  and  the 
equation  given. 

Ex  To  determine  the  intrinsic  equation  of  the  equi- 
angular spiral. 

The  polar  equation  of  the  curve  being  r  =  Cfe*^,  the  arc  s 
beginning  from  6  =  0  is,  by  ordinary  integration,  found  to  be 


=  C("^'+I)\e«»-1). 


8 

m 


Again,  as  the  curve  cuts  all  its  radii  at  the  same  angles  the 
deflection  of  the  arc  between  two  radii  vectores  is  equal  to  the 
angle  between  the  radii  themselves.  Hence  the  deflection  of 
the  arc  beginning  with  ^  =  0  is  measured  by  0.  Therefore 
^^0,  and  the  intrinsic  equation  becomes 


=  (7(!!?l±il*(e«*_l). 


8 

m 


From  this  it  appears  that  any  intrinsic  equation  of  the  form 

«  =  a(€«*-l) (40) 

will  represent  an  equiangular  spiral. 

Oiven  tiie  intrinsic  equation  of  a  curve,  to  deduce  that  of  its 
evolute. 

Considering  the  given  curve  as  formed  by  the  unwinding 
of  a  string  from  its  evolute,  any  arc  of  the  former  maybe  said 
to  correspond  to  that  arc  of  the  latter  by  the  unwinding  of 
the  string  from  which  it  is  formed.  Thus  if  /,  <^'  represent 
elements  of  the  evolute  corresponding  to  «,  ^  in  the  given 
curve,  then  the  origin  of  8  is  that  point  of  the  evolute  whose 
tangent  forms  the  radius  of  curvature  at  the  origin  of  s. 

This  premised,  it  is  evident  that  we  shall  have 


mi^ 
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For  the  extreme  differential  elements  of  the  arc  of  the  evolute 
are  respectively  perpendicular  to  the  corresponding  extreme 
differential  elements  of  an  arc  of  the  given  curve.  Hence  the 
inclination  of  the  former  being  equal  to  that  of  the  latter,  the 
value  of  ^  is  the  same  for  both. 

Secondly,  any  arc  of  the  evolute  is  by  a  known  property 
equal  to  the  difference  of  the  radii  of  curvature  of  the  ex- 
tremities of  the  corresponding  arc  of  the  given  curve.  Hence 
if  po  represent,  the  radius  of  curvature  at  the  origin  of  the 
given  curve,  we  shall  have 

■     «'  =  p-p.=/'W-/'(0),  by  (39), 

and,  substituting  ^'  for  (f), 

«'=/(*')-/(0). 

Dropping  the  accents,  we  may  therefore  affirm  that  if  the 
intrinsic  equation  of  a  curve  is  «=/(^),  that  of  its  evolute 
willbe5=/(<^)-/'(0). 

Ex.  The  intrinsic  equation  of  the  logarithmic  spiral  is 
tf  =  a  (€*^  —  1).    Hence  that  of  its  evolute  is 

8  =  mae'^  —  ma 
=■  ma  (e*^  —  1), 

which  also  denotes  a  logarithmic  spiral. 

Given  the  intrinsic  equation  of  a  curve  in  the  form  s  =^fi(l>) 
wherein /(<^)  vanishing  with  <^  is  supposed  capable  of  expan- 
sion  in  the  form 

/{<f>)=A,<l>+A,<f>'+A,il>'  +  &c (41), 

required  the  general  intrinsic  equation  of  the  involute. 

As  to  any  curve  there  belong  an  infinite  number  of  invo- 
lutes depending  on  the  different  values  given  to  that  initial 
tangent  to  the  curve  which  forms  the  initial  radius  of  curva- 
ture of  the  involute,  we  shall  represent  the  arbitrary  value  of 
that  initial  tangent  by  C. 

Now  it  s=^F  {(f))  be  the  intrinsic  equation  of  the  involute, 
we  have  by  the  last  proposition 

.  r{i>)-F'(0)=f(<f>). 
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But  ^'(0),  being  the  initial  radius  of  the  curvature  of  the  in- 
volute, is  equal  to  C,  Hence  the  above  equation  may  be 
expressed  in  the  form 

whence  '   F  {(f>)  ^  j f  (<f,)  d^  +  C<j>  +  C 

Hence  F(<f>)  vanishing  with  (f>,  we  must  have  C  =  0.  Thus 
the  intrinsic  equation  of  the  involute,  under  the  condition 
that  its  initial  radius  of  curvature  is  a,  will  be 

8=ff{<l>)d<l>  +  cul> (42). 

If,  for  distinction's  sake,  we  represent  the  arc  of  the  invo- 
lute by  8,  the  equation  may  be  expressed  in  the  form 


8'=^j(a  +  s)d<l> (43). 


It  is  to  be  remembered  thftt  the  lower  limit  of  the  integral 
isO. 

The  following  proposition  from  the  memoir  of  Dr  Whewell 
referred  to,  will  illustrate  the  application  of  the  above  theo- 
rems. 

Let  any  curve  be  evolved,  and  the  involute  evolved,  and 
the  involute  of  that  evolved,  beginning  each  evolution  from 
the  commencement  of  the  curve  last  formed,  and  with  a  "recr 
tilineal  tail"  which  is  of  constant  length  for  alL  The  curves 
tend  continually  to  the  form  of  the  equiangular  spiral. 

Let  8, «', «",  &c.  be  the  successive  curves,  <f>  the  angle  which 
is  the  same  for  all,  and  let  the  tails  represented  in  fig.  3,  by 
AA',  A' A'',  A'' A''',  &c.  be  each  equal  to  a. 
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Then  representing,  the  equation  of  the  given  curve  by 
s  ssy  (^),  we  have  for  the  first  involute  the  equation 


«'" 


and  in  general 

Now  giving  to/(^)  the  form  (41),  we  have 


/  w  '^"  -  i.t.:Ui) "-  rrrW) +*"• 


We  see  then  that  the  first  n  terms  of  the  expression  for  5***^  in 
terms  of  ^  are  unaffected  by  the  form  of  the  function  /(<^), 
while  those  which  remain  are  affected  with  coeflScients  which 
tend  to  0.     Thus  the  limiting  form  of  (44)  becomes 


«    -«?»+1.2  +  1.2.3-  +  *^- 


=  a(e*-l) (45). 

Now  this  is  the  equation  of  an  equiangular  spiral 

EXERCISES. 

1.  Determine  the  curve  whose  subtangent  varies  as  the 
abscissa. 

2.  Determine  the  curve  whose  normal  varies  as  the  square 
of  the  ordinate. 

3.  Shew  that  the  curve  in  which  the  radius  of  curvature 
varies  as  the  cube  of  the  normal  is  a  conic  section. 
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4.  Find  a  curve  in  which  the  length  of  the  arc  is  in  a 
constant  ratio  to  the  intercept  cut  off  by  the  tangent  from  the 
axis  of  X. 

5.  Shew  that  the  above  is  a  particular  case  of  curves  of 
pursuit. 

6.  Find  the  orthogonal  trajectory  of  a  system  of  circles 
touching  a  given  straight  line  in  a  given  point. 

7.  Find  the  orthogonal  trajectory  of  the  system  of  ellipses 
defined  bjr  the  equation  -i  +  T5  =  l>  h  being  the  variable 
parameter. 

8.  Find  the  equation  referred  to  polar  co-ordinates  of  the 
curve  in  which  the  radius  vector  is  equal  to  n  times  the 
length  of  the  portion  of  the  tangent  intercepted  between  the 
point  of  contact  and  a  straight  line  drawn  from  the  pole  to 
meet  the  tangent  at  a  given  angle. 

9.  Required  the  form  of  a  pendant  in  Gothic  architecture 
supposed  to  be  a  solid  of  revolution,  such  that  the  weight  to 
be  supported  by  each  horizontal  section  shall  be  proportional 
to  the  area  of  that  section. 

10.  Required  the  curve  in  which  s  =  (zx^. 

11.  A  curve  is  defined  by  this  property;  viz.  that  the 
radius  of  curvature  at  any  point  is  a  given  multiple  (n)  of  the 
portion  of  the  normal  intercepted  between  the  point  and  the 
axis  of  abscissae;  prove  that  the  length  of  any  portion  of  the 
curve  may  be  finitely  expressed  in  terms  of  the  ordinates  of 
its  extremities.     {Cambridge  Problems,  1849.) 

12.  Find  a  differential  equation  of  the  first  order  of  the 
curve  whose  radius  of  curvature  is  equal  to  n  times  the  nor- 
mal, and  shew  that  this  is  always  integrable  in  finite  terms  if 
n  be  an  integer. 

18.  Shew  that  if  n  =  2  the  curve  is  a  cycloid,  if  n  =  1  a 
circle,  if  n  =  —  1  a  catenary. 

14.  The  curve  whose  polar  equation  is  r*  cos  m0  =  a*  rolls 
on  a  fixed  straight  line.    Assuming  that  straight  line  as  the 
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axis  of  X,  shew  that  the  locus  of  the  curve  described  by  the 
pole  of  the  rolling  curve  will  have  for  its  equation 

9m 


<^={(r-r* 


(Frenet,  Becueil  d'Exerdces  sur  Is  Calcul  Infinit&imaL) 

Note.  To  solve  problems  like  the  above,  we  observe  that  if  RTS,  Fig.  4, 
represent  the  given  curve  rolling  on  the  given  line  OX,  and  A  PC  the  curve 
described  by  the  pole  P,  then  taking  OX  for  the  axis  of  x^  and  putting  OM=x^ 
MP=y,  the  straight  line  PT  joining  that  pole  with  the  point  of  contact  will 
be  a  radius  vector  of  the  given  curve,  but  a  normal  of  the  described  curve. 
Hence 


-VI'  *  m '•'■ 


Again,  PM  is  the  perpendicular  let  fall  from  the  pole  upon  the  tangent 
of  the  given  curve,  but  the  ordinate  y  of  the  required  curve.    Hence 

By  means  of  (a),  (&),  and  the  equation  of  the  given  curve,  eliminating  r 
and  6,  we  obtain  the  differential  equation  of  the  curve  sought. 

15.  In  the  particular  case  of  m  =  J  the  rolling  curve  will 
be  a  parabola^  the  pole  its  focus,  and  the  described  curve  a 
catenary. 

16.  If  m  =  2,  the  rolling  curve  is  an  equilateral  hyperbola, 
the  pole  its  centre,  and  the  described  curve  an  elastica. 
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CHAPTER  Xn. 

ORDINARr  DIFFERENTIAL  EQUATIONS  WITH  MORE  THAN 

TWO  VARIABLES. 

1.  The  class  of  equations  which  we  shall  first  consider  in 
this  Chapter,  is  represented  by  the  typical  form, 

Pdx-k-Qdy^-Rdz^O (1), 

P,  Q  and  R  being  functions  of  the  variables  a?,  y,  z\  and  it 
is  usually  termed  a  total  diflFerential  equation  of  the  first  order 
with  three  variables. 

Possibly  the  first  observation  suggested  by  the  examination 
of  this  form  will  be,  that  it  does  not  answer  to  the  definition 
of  a  diflFerential  equation,  as  the  expression  of  a  relation  in- 
volving diflFerential  coeflScients,  Chap.  l.  And  certainly  it 
does  not  exhibit  their  notation.  If,  however,  we  attempt  to 
attach  a  meaning  to  the  general  form  (1),  we  shall  perceive 
that  the  idea  of  a  limit  is  involved  essentially.  And  if  we 
study  its  origin,  we  shall  see  that  this  idea  may  be  expressed, 
here  as  elsewhere,  in  the  language  of  diflFerential  coefficients. 

For  (1)  is  not  understood  as  implying  simply  that  the 
expression, 

PA«+  CAy  +  jBA« (2), 

approaches  to  the  value  0  when  the  increments  Aa?,  Ay,  A^ 
approach  that  value,  true  though  it  be  that  the  vanishing 
of  the  increments  causes  that  expression  to  vanish  with  them. 
But  what  (1)  is  always  understood  to  express  is,  that  in  the 
approach  to  the  limiting  state,  (2)  tends  to  vanish  in  conse- 
quence of  the  ratios  which  the  increments  A^,  Ay,  Lz  tend 
to  assume;  it  is,  that  if  we  represent  (2)  in  any  of  the 
equivalent  forms 

PAa;  +  Q Ay  +  B/^z  .       PAa?  +  QAy  +  JBAg  ^      „ 
AS  '  Ay  ^' 

the  limit  of  the  ratio  expressed  by  the  first  factor  of  each  is  0. 
Andtheproblemof  the  integration  of  (l),is  thatof  the  discovery 
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of  the  possible  relation  or  relations  among  the  primitive  vari- 
ables which  will  secure  this  result,  supposing  Aa;,  Ay,  ^z  to 
be  so  restricted  as  to  preserve  such  relations  unviolated. 

Now  whether  the  primitive  variables  are  connected  by  one 
equation  or  by  two  simultaneous  equations  (we  cannot  sup- 
pose them  connected  by  three  equations  without  making  them 
cease  to  be  variable),  the  relation  (1)  is  fully  expressible  in  the 
language  of  differential  coefficients.  If  there  exist  one  primi- 
tive relation  which,  as  we  shall  hereafter  see,  can  only  happen 
under  particular  circumstances,  then 

7       dz  y       dz  J 
while  (1)  is  presentable  in  the  f5rm 

Hence,  since  dx  and  dy  are  independent,  we  have 

d^^^P     ^ Q  ,«, 

dx^     R'   dy'^     R W. 

a  system  which  in  the  supposed  case  is  equivalent  to  (1).  On 
the  other  hand  if,  as  will  usually  happen,  two  simultaneous 
equations  connect  the  primitive  variables,  e,g, 

^(«,  y,  ^)  =  0,    '^(x,y,z)»Q (4), 

then,  since  we  have 

the  elimination  of  dx,  dy,  dz  between  these  and  the  original 
equation  gives 


\dy  dz      dz  dy)         \dz  dx     dx  da) 


^^\dxdy     dydx)^^ ^•'''' 


B.  D.  E.  18 
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a  result  which  is  equivalent  to  (1),  but  is  expressed  in  the 
language  of  partial  differential  coefficients.  Aa  it  constitutes 
but  a  single  relation  between  two  unknown  functions  if>  and  ^, 
one  of  the  two  may  be  considered  arbitrary,  and  a  particular 
form  being  given  to  it,  we  should  have  a  partial  differential 
equation  for  determining  the  other. 

We  propose  indeed  to  discuss  the  equation  (1)  under  its 
actual  form,  but  it  is  not  unimportant  to  shew  that  it  con- 
stitutes no  real  exception  to  the  definition  of  a  differential 
equation.  Treated  by  the  methods  proper  to  partial  differ- 
ential equations,  the  forms  (3)  and  (5)  lead  to  the  same 
solutions  as  those  investigated  in  this  Chapter. 

2.  The  foregoing  remarks  ^dmit  of  geometrical  illustrations. 

If  a,  y,  z  and  x  +  Ax,  y  +  Ay,  z-\-  Hlz  are  the  co-ordinates  of 
two  points,  the  value  of  the  expression  PAa;  +  Q Ay  +  iJA^, 
where  P,  Q,  R  are  given  functions  of  x,  y,  z,  will  depend 
solely  upon  the  positions  of  the  points. 

If  we  suppose  the  second  point  to  approach  the  first  alofng 
any  path,  the  value  of  the  above  expression  will  approach  to  0, 
in  consequence  of  the  quantities  Ax,  Ay,  Az  approaching  to  0, 
and  independently  of  the  ratios  which  they  assume  in  vanish- 
ing. But  this  is  not  in  accordance  with  the  understood 
meaning  of  the  equation  (1). 

The  increments  therefore  not  being  independent,  either  they 
are  connected  by  one  relation,  in  which  case  one  point  being 

Siven  the  other  must  lie  on  the  surface  which  that  relation 
otermines,  and  its  approach  to  the  first  must  be  made  along 
that  surface,  but  is  in  no  other  way  restricted ;  or  the  incre- 
ments are  connected  by  two  relations,  and  then,  the  first  point 
being  given,  the  second  must  be  on  the  line  determined  by 
those  relations,  and  its  approach  to  the  first  must  be  made 
along  that  line,  and  therefore  in  a  definite  path, 

3.  These  considerations  suggest  to  us  the  following  ques- 
tions for  analysis,  viz. : 

1st.  Under  what  circumstances  is  the  solution  of  the  equa- 
tion Pix.^  Qdy'\'Rdz  =  0  expressed  by  a  sipgle  relation  be- 
tween the  primitive  variables-^a  relation  which  with  the 
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arbitrary  constant  of  integration  will  represent  a  family  of 
surfaces ; — and  how  is  such  a  relation  to  be  determined  ? 

2ndly.  How  is  the  solution  to  be  obtained  when  the  above 
condition  is  not  satisfied  ? 

These  questions  we  shall  next  consider. 

The  equation  Pdx  +  Qdy  +  Bdz  =  0,  derivable  Jrom  a  single 
primitive. 

From  the  given  equation,  we  have 

dz^-^dx--^dy (6). 

But  the  existence  of  a  single  primitive  involves  the  sup- 
position that  «  is  a  function  of  x  and  y,  and  therefore  that 
we  have 

dz P     dz__Q 

dx"     M'   dy^     R ^^^' 

p  Q 

Hence,  if  -^  and  -^  do  not  contain  z,  we  have,  by  the 

property  of  differential  coeflScients, 

±P^±Q 
dyR     dxR* 

p  Q 

Should  however  -^  and  -p  both  or  either  of  them  contain  z, 

then,  because  we  can  still  regard  them  as  ultimately  functions 
of  ^  and  y,  for  z  is  such  by  hypothesis,  we  must  change  the 
above  into 

d_P     dzd^P^d_Qdz^d_Q 
dyR     dydzR^dxR     dxdzR* 

Lastly,  substituting  here  for  -r-  and  f-  their  values  given 
in  (7),  effecting  the  differentiations,  and  reducing,  we  have 

'(f-f)-«(S-f)-*(f-'i)-« («)■ 

an  equation  of  condition  which,  when  identically  satisfied, 

18-2 
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indicates  that  the  proposed  equation  admits  of  a  single  pri- 
mitive. 

4.  To  deduce  the  complete  primitive  of  the  differential 
eqtiation  Pdx  +  Qdy  +  Bdz  =  0  when  the  equation  of  condition 
(8)  is  satisfied. 

The  supposed  primitive  involving  all  the  variables  x, 
y,  z,  it  is  evident  that  if  we  diflFerentiate  it  on  the  hypothesis 
that  z  is  constant,  we  shall  arrive  at  a  result  equivalent  to 
Pdx  +  Qdy  =  0.  It  is  also  evident  that  if  the  primitive  con- 
tained a  function  of  z  for  one  of  its  terms,  that  term,  whatever 
the  form  of  the  function  might  be,  would  disappear  in  the  dif- 
ferentiation. 

Conversely  then  if  we  integrate  the  equation 

Pdx^-Qdy^Q (9), 

regarding  z  as  constant,  and  adding  in  the  place  of  an  arbitrary 
constant  an  arbitrary  function  of  Zy  we  shall  arrive  at  a  result 
which  will  necessarily  include  the  complete  primitive,  and  in 
which  it  will  only  remain  necessary  to  determine  what  form 
must  be  given  to  the  arbitrary  function  of  z. 

Thus,  if  the  integrating  factor  of  (9)  be  fi,  and  if,  assuming 
z  constant,  we  write 

fi  {Pdx+  Q^y)'=-^^  +  2y  ^^' 
then  will  the  complete  primitive  be  of  the  form 

V=<f>iz) (10), 

in  which  it  only  remains  to  determine  ^  (z).  And  this  will  be 
done  by  differentiating  with  respect  to  all  the  variables  and 
comparing  with  the  given  equation. 

DiflFerentiating  (10)  then  with  respect  to  x,  y,  z,  and  trans- 
posing, we  have 

dV,    .  dV,    ,  (dV    d6(z)]  ^      ^ 


dx 


whence 


;.(i«.+  W,)  +  (f-^)ji.-«. 
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Now  by  the  given  equation,  Pdx  +  Qdy  =  —  Rdz.  Substi- 
tuting, and  rejecting  the  common  factor  dzy  we  have 

whence 

^^=?-'^ (")■ 

the  second  member  of  which  must,  on  the  hypothesis  that  a 
single  primitive  exists,  be  reducible. to  a  function  of  z  by 
means  of  (10).  The  solution  of  the  equation  thus  reduced 
will  determine  <f>  (z),  the  value  of  which  substituted  in  (10) 
will  give  the  complete  primitive. 

Although  we  are  fully  entitled  to  affirm  that  the  equation 
determining  ^  (a)  must,  whenever  a  single  primitive  exists, 
be  reducible  to  a  form  not  involving  x  and  y ;  it  may  be 
proper  to  verify  this  conclusion  a  posteriori. 

Let   us  then  inquire  under  what  condition  the  function 

dV 

-r-  —  fJi'R  can  be  freed  from  both  x  and  y  by  means  of  the 

(IZ 

equation  F=  ^  («).     Evidently  this  can  only  be  the  case  when 

J fiR  and  Fare  so  related  that,  considered  with  respect  to 

dz 

X  and  y  alone,  the  one  is  a  function  of  the  other.     Thus  we 

have  by  the  equation  of  condition  (Prop.  I.  Chap.  Ii.) 

dx  dy  \dz      '^   )      dy  dx\dz      '^   )       * 
or 

dV ^     dV  d^V         fdU dV_ dR dV\ 
dx  dzdy     dy  cLzdx     ^  \dx  dy      dy  dx) 


j^(dVdfi._dVdfi\^ (12). 

\dy  dx     dx  dy)         ^  '''• 


Now  since  -j-  =  fiP,     j-  ==  A*  Vi  ^®  ^^^^ 


< 
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dVd*V     dV  d'V        n^  /  n\       n  ^  f  v\ 

d^d^-Ty^di-'f'^^^^^-f^Iz^^ 

"/^•(^f-ef) (^«)- 

Thus  also 

'^\dxdy     dy  dx)     '^  V  dx         dyl         ^   ' 
Lastly, 

^(fS-£|)=''«{«|-'|) w 

But  since  \l  is  the  integrating  factor  of  Fdx  +  Qdy  we  have, 
by  Chap.  V.  Art.  1, 

^dx        dy^^Kdy      dxj' 
which  reduces  (16)  to  the  form 

^,^^_dr^x         /^_rf^ (16). 

\dy  dx      dx  dyl  \dy      dxj  ^ 

Substituting  these  values  in  (12)  and  rejecting  the  common 
factor  /A*,  there  results 

dz         dz         dx         dy  dy         dx       * 

or 

and  this  is  identical  with  the  equation  of  condition  (8).    The 
conclusion  is  therefore  established. 

^follows  also  that  it  is  not  necessary  in  any  proposed  case 
to  am)ly  directly  the  above  equation  of  condition.  It  is  tV»- 
pltcitty  involved  in  the  very  process  of  solution. 

5.  The  results  of  the  above  investigation  are  contained  in 
the  following  Bule. 
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Rule.  Integrate  the  proposed  equation  on  the  hypothesis 
that  one  of  the  variables  is  constant  and  its  differential  there- 
fore equal  to  0,  adding  an  arbitrary  fimction  of  that  variable 
in  the  place  of  an  arbitrary  constant.  Then  differentiating 
with  respect  to  all  the  variables  j  determine  the  arbitrary  func- 
tion by  the  condition  that  the  result  of  such  differentiation  shall 
be  equivalent  to  the  etjuation  given.  The  equation  expressing 
such  condition  will,  ij  a  single  primitive  exist,  be  redv^dble  by 
previous  results  to  a  form  in  which  no  other  variable  than  the 
one  involved  in  the  arbitrary  function  will  remain. 

Ex.  1.    Given  (y 4- a)'ci!aj  +  ^%  —  (y +  a) d!2r=  0. 

Here  P  =  (y  +  a)*,  Q  =  5?,  JJ  =  —  y  —  a,  values  which  identi- 
cally satisfy  the  condition  (8).  The  equation  therefore  admits 
of  a  single  complete  primitive. 

Regarding  z  as  constant  we  have  first  to  integrate  the 
equation 

(y  +  a)'  c£»  +  zdy  =  0. 

Dividing  by  (y  +  a)*,  we  have 

the  solution  of  which  is 

y-k-a     ^^ 

^  {z)  being  an  arbitrary  function  of  z  introduced  in  the  place 
of  an  arbitrary  constant. 

Now,  diflferentiating  with  respect  to  all  the  variables,  we 
have 

which  agrees  with  the  equation  given,  if  we  have 

or  —^1^  =  0. 

az 
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Here  then  ^  (^)  =  c  and  the  complete  piimitiYe  is 

X =c (o). 

y  +  a 

If  we  oommenoe  by  regarding  y  as  constant  we  obtain  by 
a  first  integration 

whence,  differentiating  and  comparing  with  the  given  equa- 
tion, 

dy       y+a* 

This  equation  involves  both  x  and  y,  but  it  is  reducible  b; 
the  previous  one  to  the  form 

d4>{y)  ^^(y) 

dy       y  +  a' 

or  d4>(y)^  rfy 

i>{y)    y+a' 

of  which  the  integral  may  be  expressed  in  the  form 

b  being  an  arbitrary  constant.    Hence,  finally, 

^  =  (y+a)x  +  b(i/  +  a) 
^(y-¥a){x  +  h), 
and  this  is  equivalent  to  the  former  result  (a). 

Ex.2.    Given  zdz  +  (x-'a)dx  =  {h*-jg^-(x—ay}^dif. 
Integrating  as  if  y  were  constant  we  have 

^•+(a?-a)»  =  <^(y) (a). 

Differentiating  and  comparing  with  the  given  equation, 

=  {A»-^(y)lUy(o). 
Hence  -J^^^i%- -  ^  dy. 
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Therefore  integrating 

6  being  an  arbitrary  constant.   Hence  determining  ^  (y),  and 
substituting  in.  (a),  we  have  finally 

where  b  is  arbitrary. 

Homogeneous  Equations. 

'6.  When  the  equation  Pdx  +  Qdy  +  Rdz  =  0  is  homoge- 
neous with  respect  to  a?,  y,  Zy  its  solution  will  be  facilitated  by 
a  transformation  similar  to  that  employed  for  homogeneous 
equations  with  two  variables. 

Assuming  x  =  uz^  y.=:  vz^  we  obtain  by  substitution  a  result 
of  the  form 

L  —  ^Mdu^-Ndv... (18). 

z 

It  L  be  equal  to  0  this  simply  gives 

Mdu  +  Ndv  =  0, 

which  can  always  be  made  integrable  by  a  factor.     K  i^  be 
not  equal  to  0  we  have 

dz     M.      N. 

z         Jj  Jj 

and  here  the  first  member  being  an  exact  diflferential  the 
second  will  be  such  also  if  a  complete  primitive  exist.    After 

integration,  u  and  v  must  be  replaced  by  their  values  - ,  - . 

z     z 

Ex.  3.     Given  [ay  -  hz)  dx  +'(02?  -  ow?)  rfy  +  (6a?  -cy)dz^  0. 

This  equation  satisfies  the  equation  of  condition  (8). 

Assuming  x  ^  uz,  y  =  vz,  it  becomes  simply 

{av  —  h)du—  (au  —  c)  dv  =  0, 

du  dv 


or 


au  —  c     av 


-6* 
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the  solution  of  which  is 

au^  c     ^ 

r  =  O, 

av  -^0 

whence  the  complete  primitive  sought  will  be 

ax  —  cz  ^p 
ay  —  bz 

Ex,  4.    Given 

Assuming  x==uzjy  =  vz,  we  have  on  reduction 

dz ^     {'i^  +  v  + 1)  du'^(u*  +  U'^  1) dv 
«  ""  {u-k-v  +  1)  {uv  +  u  +  v)        ' 

dz  __  du  +  dv      (v  +  l)du  +  {u  + 1)  dv 
z^u  +  v  +  l  uv  +  u  +  v  ' 

whence  integrating 

1  1      u  +  v  +  1    .  ^ 

log  z  =  log  — — — —  +  G. 

°  °  uv  +  u  +  v 

Finally  we  have 

xy-^xz  +  yz__^, 
a>  +  y  +  z  * 

for  the  complete  primitive. 

The  last  two  equations  might  have  been  integrated  without 
preliminary  transformation.    (Lacroix,  Tom.  II.  pp.  507 — 510.) 


Integrating  factors, 

7.  The  equation  Pdx  +  Qdy  +  Bdz  =  0  can  also,  when 
there  exists  a  single  complete  primitive,  be  integrated  by 
means  of  a  factor. 

If  fi  be  that  factor,  then,  since  the  expression 

fiPdx  -hfiQdy  +  iiBdz 
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must  be  an  exact  differential,  we  must  have 

d(fiQ)^d(fiB)     d (fjiR)  ^ d ifiP) 
dz  dy    *       dx  dz     ^ 

d(jJLP)^d(jlQ) 

dy  dx     * 

* 

equations  to  which  we  may  give  the  forms 

dy         dx        \dy      dx) 

Multiplying  these  equations  by  P,  Q^  and  R^  respectively, 
adding,  and  dividing  by  ^,  we  have 

^(f-f)-«(S-S-Kf-S)-»-'"'- 

the  same  equation  of  condition  which  was  before  obtained. 

When  this  equation  is  satisfied  a  particular  form  of  the 
factor  fi  will  frequently  suggest  itself. 

1  1  1 

In  Ex.  3  the  functions  -7 ^-^«,   -, r-,,    tt r^ 

{ay-bzy    {cz-axY    {bx-cyy 

are  integrating  factors.    In  Ex.  4  the  functions  ; — ; ; — r^ 

°        °  .        (x  +  y  +  z)^ 

and  7 ; — Ti  are  integrating  factors. 

{xy-^xz  +  yzf  ^        ^ 


EquQ^tions  not  derivable  from  a  single  primitive* 

8.    To  solve  the  equation  Pdx  +  Qdy  +  Rdz  =  0,  when  the 
equation  of  condition  (8)  is  not  satisfied. 
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In  this  case  the  solution  consists  of  two  simultaneous  equa- 
tions between  x,  y,  z,  one  of  which  is  perfectly  arbitrary  in 
form. 

For  representing  an  assumed  arbitrary  equation  in  the  form 

/(^,y,^)  =  0 (20), 

and  differentiating,  we  have 

cue  ay  Cbz 

Now  these  two  equations  enabling  us,  when  the  form  of 
f{Xyy,z)  is  specified,  to  eliminate  one  of  the  variables  and 
its  differential,  e.g.  z  and  d-s^,  from  the  equation  given, permit 
us  to  reduce  it  to  the  form 

Mdx  +  Ndy  =  0, 

JIf  and  N  being  functions  of  x  and  y.  Solving  this,  we  obtain 
an  equation  involving  an  arbitrary  constant,  and  this  equation 
together  with  (20)  will  constitute  a  solution.  By  giving  dif^ 
ferent  forms  to /(a?,  y,  z)  every  possible  solution  may  be  ob- 
tained. What  a  solution  thus  found  represents  in  geometrical 
construction  is  the  drawing,  on  a  particular  surface,  of  a 
family  of  lines,  each  of  which  satisfies  at  every  point  the  con- 
dition Pdx  -f  Qdy  +  Rdz  =  0.  Now  dx,  dy^  dz  are  propor- 
tional to  the  directing  cosines  of  the  tangent  line.  Hence  the 
geometrical  problem  may  be  represented  as  that  of  drawing  on 
a  given  surface  a  family  of  lines,  in  each  of  which  the  direct- 
ing cosines  cos^,  cos'^,,  cos;^  at  any  point  shall  satisfy  the 
condition 

Pcos^  +  Qcosyjr  +  Ecosx-O (21). 

Ex.    Required  the  most  general  sOlulion  of  the  equation 

xdx-{-ydy  +  cll--i-yj   dz  =  0 (a), 

which  is  consistent  with  the  assumption  that  it  shall  represent 
a  series  of  lines  traced  upon  the  ellipsoid  whose  equation  is 

a?     y^     1^     -  n\ 
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It  will  be  found  that  (a)  does  not  satisfy  the  equation  of 
condition  (8). 

Diflferentiating  (b),  we  have 

xdx     ydy     zdz  __  ^ 
or        0         c 

,  ,  c'  fxdx  .  vrfy\ 

whence  dz  = — =-  +  '^^ 

z\a         (T  } 

^  (xdx     ydy\ 

and  this  reduces  (o)  to 

a^  +  yd,-c*[^  +  yp)  =  0 (c). 

the  integral  of  which  is 

■        (l.^^+(l.^y>^C id), 

indicating  that  the  projections  of  the  proposed  family  of  lines 
will  be  a  certain  series  of  central  conic  sections. 

If  a  =  &  =  c  =  l  the  proposed  equation  admits  of  a  single 
primitive,  viz.  a?  +  y^  +  z^^^l.  And  any  line  traced  on  the 
surface  of  which  this  is  the  equation  will  satisfy  the  diflferen- 
tial  equation;  for  the  equation  (c)  by  which  the  lines  are 
ordinarily  determined  islow  reduVed  (o  an  identity. 

The  above  method  of  solution  is  due  to  Newton.  Monge 
has  however  remarked  that  the  general  solution  may  be  ex- 
pressed by  the  equations  (10)  and  (11)  of  Art.  4,  viz.  by  the 
simultaneous  system 

V^<f>{z) (22), 

l^-/*iJ  =  f(^) (23), 

where  i*  is  the  integrating  factor,  and  F  the  corresponding 
integral  of  the  expression  Fdx  +  Qdy.    It  is  indeed  shewn  in 
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that  Article  that  (22)  does  satisfy  the  diflFerential  equation 
provided  that  the  condition  (23)  is  satisfied.  But  there  is  no 
practical  advantage  in  the  employment  of  Monge's  form. 
Applied  to  the  problem  of  drawing  on  a  given  surface  lines 
satisfying  the  condition  expressed  by  the  difiFerential  equation, 
it  makes  the  determination  of  the  arbitrary  function  ^'(z) 
itself  dependent  on  the  solution  of  a  differential  equation. 

Thus  in  the  example  last  considered  we  have,  on  giving  to 
fi  the  value  2, 

so  that  the  general  solution  assumes  the  form 

»*  +  2/*  =  ^W 

To  apply  this  to  the  problem  of  drawing  lines  satisfying  the 
conditions  of  the  problem  on  the  ellipsoid 

?+^+?=i- W' 

it  is  necessary  from  the  above  three  equations  to  eliminate 
X  and  y.  From  the  second  and  third  which  here  suffice, 
we  have 

-•2z  =  <l>'{z\ 

whence  ^  («)  =  —  5?'  +  G. 

Therefore  a?'  +  2/*  +  «'=  (7 (/). 

The  particular  solution  sought  is  therefore  expressed  by  the 
equations  (e)  and  (/),  which  are  together  equivalent  to  the 
previous  solution  expressed  by  (6)  and  (d). 

Total  differential  equations  containing  more  iha/n  three 
variables, 

9.    It  will  suffice  to  make  a  few  observations  on  the  equa- 
tion with  four  variables 

Pdx-^Qdy^Edz-^-Tdt^O (24), 

And  to  direct  attention  .to  the  general  analogy. 


ABT.  9.]      MOBE  THAN  THREE  YABIABLES. 

Writing  the  above  equation  in  the  form 

di-—mdx—-ff,dy  —  yfidz 
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T 


T 


T 


(25), 


it  Is  evident  that,  in  order  that  it  should  be  derivable  from  a 
single  primitive,  we  must  have 

\dx)T^\dyjT'    \dy)T^\dz)1:'   \dz)  T"  [dxj T ' 

-y-  ]  refers  to  x  not  only  as  appearing  independently, 
but  also  as  implicitly  involved  in  t ;  and  so  on  for  the  rest. 

dt      dt 


Effecting  the  differentiations,  and  substituting  for 


dt 


(to'   dy^ 


....(26) 


-7-  their  values  implied  in  (25),  we  have 

\dx      dyj  \dy      dtj  \dt      dxj 

<f-S)-«(f-f)-*(f-f)=« 

which  are  the  equations  of  condition  of  existence  of  a  single 
complete  primitive. 

It  is  evident  from  the  symmetry  of  the  problem  that  the 
eqiiatioxL 

must  also  hold  here.  But  this  is  not  a  new  condition.  It 
may  be  deduced  from  (26),  by  multiplying  the  respective 
equations  of  that  system  by  iJ,  P,  and  Q,  and  adding  the 
results. 
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It  is  obvious  that  when  there  exist  n  variables,  the  num- 
ber of  independent  equations  of  condition  is ^ , 

being  the  number  of  ways  of  equating  two  partial  diflferential 
coefficients  in  a  system  in  which  n  —  1  are  contained. 

The  solution  of  any  such  equation  may  be  effected  by  an 
extension  of  the  method  adopted  for  equations  with  three 
vai^iables.  We  must  integrate  as  if  all  but  two  of  the  varia- 
bles were. constant,  adding,  in  the  place  of  an  arbitrary  con- 
stant, an  arbitrary  function  of  the  variables  which  remain. 
This  functit)n  We  must  determine  by  differentiating  with  re- 
spect to  all  the  variables,  and  comparing  with  the  equation 
given.  If  a  single  primitive  exist,  such  determination  will  be 
possible.  If  a  single  primitive  do  not  exist,  we  must,  follow- 
ing the  analogy  of  the  corresponding  case  of  three  variables, 
endeavour  to  express  the  solution  by  a  system  of  simultaneous 
equations.  And  such  is  indeed  its  general  form.  Ffaff,  in 
a  memoir  published  by  the  Berlin  Academy  1814 — 15,  has 
shewn  that,  accordiug  as  the  number  of  variables  is  2w  or 
2n  -I- 1,  the  number  of  integral  equations  isnor  n  +  lat  most. 
His  method,  which  is  remarkable,  consists  of  alternate  inte- 
grations and  transformations.  For  important  commentaries 
and  additions  see  Jacobi  {Werke,  Tom.  I.  p.  140),  and  Raabe 
{Crelle,  Tom.  xiv.  p.  123). 

Ex.     Given  (2x+y^+2an/^^yj)dx+2xt/dy'~a>dy^+x^dy^^0. 

If  we  suppose  the  variables  y^y^  constant,  we  have  to  in- 
tegrate 

{2x  -h/  +  2a;y,  -yj  da?  -h  2xffdy  =  0, 

which,  on  substituting  an  arbitrary  function  of  y^  y,  repre- 
sented by  ^,  for  an  arbitrary  constant,  gives 

oj' -f  a;y ' -J-  a?'y,  -  a?yj  =  ^. 

Differentiating  with  respect  to  all  the  variables,  we  have 

(2a?  +  y'  +  2a?y,  -yj  dx  +  ^xydy-^xdy^  -f  Qi?dif^ 

d<h  y        d(h  , 
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Comparing  this  with  the  given  equation,  we  have 

whence  ^  =  c  and  the  solution  is 

a?  +  a?y"  +  «^y,-ajyi  =  c (a). 

Had  we  begun  by  making  x  and  y  constant,  we  should  have 
had  as  the  result  of  the  first  integration, 

^1/2-^1  =  ^ (*)i 

if>  denoting  a  function  of  x  and  y.  Differentiating  with  respect 
to  all  the  variables  and  comparing  with  the  given  equation, 
we  should  find 

whence  ^  =  — a?  — ay'  +  c, 

the  substitution  of  which  in  (J)  reproduces  the  former  solu- 
tion (a). 


Equations  of  an  order  higher  than  the  first. 

10.    "When  an  equation  of  the  form 

Adx^'\-Bdy''\-Cd£''\-2Ddydz-\-'iLEdxdz  +  2Fdxdy^0...{2S) 

is  resolvable  into  two  equations  each  of  the  form 

Pdx  +  Qdy '\- Rdz  ^  % 

the  solution  of  either  of  these  obtained  by  previous  methods, 
will  be  a  particular  solution  of  (28),  and  the  two  solutions 
taken  disjunctively  will  constitute  the  complete  solution,  which 
is  therefore  expressed  by  the  product  of  the  equations  of 
these  solutions,  each  reduced  to  the  form  F=  0. 

The  condition  under  which  (28)  is  resolvable  as  above,  is 
expressed  by  the  equation 

ABC+2DEF--AD^^BE^-'CF'  =  0 (29). 

B.  D.B.  19 


1 
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This  is  shewD  by  solving  (28)  with  respect  to  dx,  and 
assuming  the  quantity  under  the  radical  to  be  a  complete 
square. 

Thus,  the  equation  a?do^-\-'j^dy^^z^dz^-\'2ayydxdy^^, 
which  will  be  found  to  satisfy  the  above  condition,  is  resolv- 
able into  the  two  equations 

ocdx  +  ydy  +  zdz  =  0,  xdx  +ydy  —  zdz  =  0, 

whence  x*  +j^  +  z^=c..,(a),  a^-^y^^z^^c' (&). 

Geometrically  the  solution  is  expressed  by  lines  drawn  in 
any  manner  on  the  surface,  either  of  the  sphere  (a),  or  of  the 
hyperboloid  (6). 

When  the  condition  (29)  is  not  satisfied,  the  proposed 
equation  does  not  admit  of  a  single  primitive,  or  of  any  dis- 
junctive system  of  primitives.  But  it  does  in  general  admit 
of  a  solution  expressed  by  a  system  of  simuUaneotts  equations, 
Thus,  if  we  integrate  the  equation  dz*=m^  {dof  +  dy^),  sup- 
posing X  constant,  we  find  z  =  my  -f-  C,  or,  replacing  (7  by  a 
function  of  a?, 

z-my-^^{x) (c). 

On  substitution  and  integration,  we  find  that  this  will 
satisfy  the  proposed  equation  if  we  have 

the  system  (c)  {d)  will  therefore  constitute  a  solution  of  the 
equation  given.  We  enter  not  into  the  question  whether  it  is 
the  most  general  solution  or  not,  proposing  merely  to  exem- 
plify the  kind  of  solution  of  which  the  equation  admits. 

To  this  we  may  add  that  all  equations  which  do  not  satisfy 
the  conditions  of  integrability,  though  they  may  present 
themselves  in  the  form  of  ordinary,  have  a  far  more  intimate 
connexion  with  'partial  diflFerential  equations  ;  and  that  this 
connexion  affords  the  best  clue  to  the  solution  of  their  theo- 
retical difficulties. 
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EXERCISES. 
-         dx    ^     dy     ^    dz 

2."  (a?-3y-2f)da?+(2y-3a7)dy+(«-ifc)(Z^  =  0. 

3.  (y  +  -2^)  eZa?  +  (2  +  a?)  <7y  +  (a?  +  y)  rf-sf  =  0. 

4.  yzAx-^r  zm  dy  +  xydz  =  0. 
6.  (y'\-z)dx  +  dy  +  dz  =  0. 

6.  ay^^^dx  +  lz^o(?dy  +  cx^y'^dz  —  0. 

7.  (ar'y  —  y — y'^)  t?a7  +  (ajy'—  a*^  —  a?)  dy+  [xy^-k-  a?y)  dz  =0. 

8.  (2a;'  +  2a^  +  ix^i?  + 1)  rfa;  +  cZy  +  22?^^;  =  0. 

9.  (2aj  +  y'  f  2xz)  dx  +  2^ dy—dw  +  a^dz^O. 

10.  Is  the  equation  (1  +  2m)  a?cZa;  +  y  (1  —  a?)  Jy  +  zdz  =  0 
derivable  from  a  single  primitive  of  the  form  ^  {x,  y,  z)=cl 

11.  Shew  that  any  system  of  lines  described  on  the  surface 
of  the  sphere  re*  +y*  +  jsj'  =r^  and  satisfying  the  above  equa- 
tion, would  be  projected  on  the  plane  xy  in  parabolas. 

12.  Shew  that  Monge's  method  would,  if  we  integrate 
first  with  respect  to  x  and  i?,  present  the  solution  of  the  equa- 
tion of  Ex.  10,  in  the  form 

{l+2m)a?  +  z'^<l>(yl     2y  (1 -a?)  =- f  (2^). 

13.  Applying  this  form  to  the  problem  of  Ex.  11,  form 
and  solve  the  diflferential  equation  for  the  determination  of 
if}  (y),  and  shew  that  it  leads  to  the  result  stated  in  that  Ex- 
ample. 

14.  Find  the  equation  of  the  projections  of  the  same 
system  of  curves  on  the  plane  yz. 

19—2   . 
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CHAPTER  Xm. 

SIMULTANEOUS  DIFFERENTIAL  EQUATIONS. 

1.  We  have  hitherto  considered  only  single  diflferential 
equations.  We  have  now  to  treat  of  systems  of  diflferential 
equations. 

Of  such  by  far  the  most  important  class  is  that  in  which 
one  of  the  variables  is  independent  and  the  others  are  depend- 
ent upon  it,  the  number  of  equations  in  tl^e  system  being 
equal  to  the  number  of  dependent  variables.  Thus  in  the 
chief  problem  of  physical  astronomy — the^  problem  of  the 
motion  of  a  system  of  material  bodies  abandoned  to  their 
mutual  attractions — there  is  but  one  independent  variable,  the 
time ;  the  dependent  variables  are  the  co-ordinates,  which, 
varying  with  the  time,  determine  the  varying  positions  of  the 
several  members  of  the  material  system ;  while,  lastly,  the 
number  of  equations  being  equal  to  the  number  of  co-ordinates 
involved,  the  dependence  of  the  latter  upon  the  time  is  made 
determinate. 

Such  a  system  of  equations  may  properly  be  called  a  deter- 
minate system. 

We  propose  in  this  Chapter  to  treat  only  of  systems  of 
equations  of  the  above  class.  And  in  the  first  instance  we 
shall  speak  of  simultaneous  diflferential  equations  of  the  first 
order  and  degree,  beginning  with  particular  examples,  and 
proceeding  to  the  consideration  of  their  general  theory. 

Particular  lUustraiions, 

2.  The  simplest  class  of  examples  is  that  in  which  the 
equations  of  the  given  system  are  separately  integrable. 

Ex.  1.     Given  Idx  -f-  mdy  +  ndz  =  0,  xdx  +  ydy  +  zdz  =  0. 

Integrating  separately,  we  have 

Ix  +  my  •\-nz=Cy    a?'  + 1^  +  z^  =  c; 

and  these  equations  expressing  the  complete  solution  of  the 
given  system  may  be  said  tp  constitute  the  primitive  system. 
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Another  class  of  examples  is  that  in  which,  while  the  equa- 
tions of  the  given  system  are  not  all  separately  integrable, 
they  admit  of  being  so  combined  as  to  produce  an  equivalent 
system  of  equations  which  are  separately  integrable. 

Ex.2.    Gxyen^  +  -  =  1,  J  =  a,  +  y+--l. 

Here  the  first  equation  alone  is  separately  integrabloi  and 
gives 

aJ  =  3  +  p (a). 

Also  by  addition  of  the  given  equations,  we  have 

dx  +  dy 


dt 


=  a?  +  y; 


therefore  ^±^  =  cft, 

x-^y 

log(a?+y)  =  <  +  c' (J). 

The  primitive  system  is  therefore  expressed  by  (a)  and  (J). 

In  both  the  above  examples  we  see  that  the  number  of 
equations  of  the  solution  is  equal  to  that  of  the  equations  of 
the  system  given,  and  that  each  equation  of  the  solution  in- 
volves a  distinct  arbitrary  constant.  And  it  is  evident  that 
this  must  be  the  case  whenever  we  can  combine  the  given 
equations  into  an  equivalent  system  of  integrable  equations  of 
the  first  order.  But  as  we  have  not  proved  that  such  combi- 
nation is  possible,  the  following  question  becomes  important, 
viz.  what  is  the  nature  of  the  solution  of  a  system  of  simulta- 
neous equations  of  the  first  order  and  degree  ? 

This  question  will  be  considered  in  the  next  section. 

General  theory  of  simultaneous  equations  of  the  first  order 
and  degree. 

3.  We  shall  seek  first  to  establish  the  general  theory  of  a 
system  composed  of  two  equations  between  three  variables, 
and  therefore  of  the  form 

Pdx  +  Qdy  +  Rdz  =  0,1  .  . 

Fdx-vQ'dy-\-Edz^O,) ^^' 
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the  coefiScients  P,  P',  &c.  being  functions  of  the  variables, 
or  constants. 

We  design  to  consider  the  above  system  first,  and  with  the 
greater  care,  because  there  is  scarcely  any  part  of  the  general 
theory  which  it  does  not  serve  to  exemplify. 

Prop.  The  solution  of  the  system  (1)  can  always  he  made  to 
depend  upon  that  of  an  ordinary  differential  equation  of  the 
second  order  between  two  of  the  primitive  variables,  and  it 
always  consistsoftwo  equationsinvolvingtwoarbitrary  constants. 

By  algebraic  solution  of  the  system  (1)  we  have 

As  the  coeflBcients  of  dx  in  the  second  members  of  these 
equations  are  functions  of  x,  y,  z  we  may  express  the  reduced 
system  in  the  form 

dy  =  4>{x,  y,  z)  dx,     dz  =  yfr  (x,  y,  z)  dx, 

whence,  regarding  x  as  independent  variable, 

^  =  ^(^,y,^) (3), 

^  =  '^  (^,  y,  z) (4). 

Thus  the  given  system  enables  us  to  express  -^  and  -v-  by 
known  functions  of  x,  y,  z. 

Now  differentiating  (3),  still  on  the  assumption  that  x  is  the 
independent  variable  and  representing  for  brevity  ^  (a?,  y,  z) 
by  ^,  -^  (a?,  y,  z)  by  '^y  we  have 

d^y  _d^     dj>dy     d4>dz 
da?     dx     dydx     dz  dx' 

dz 

or  substituting  for  -^  its  value  given  by  (4), 

^^d^^d^dy^d^ (5). 

dx^     dx      dydx     ^  dz 
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This  equation  involves  -p  and  -—^  together  with  the  quan- 
tities j^  >  j^  >  j^  ^^d  '^,  which  are  known  functions  of  a:,  y, 

and  z.    Hence  eliminating  z  by  means  of  (3)  we  have  a  final 

dv  d^v 
equation  involving  -^,  -j^,  a?,  and  y.     The  complete  primi- 
tive of  this  differential  equation  of  the  second  order  will  enable 
us  to  express  y  as  a  function  of  x  and  two  arbitrary  constants. 
Suppose  the  value  thus  obtained  for  y  to  be 

y  =  X(^.^i>0 (6). 

Then  we  have  by  virtue  of  (3) 

^(.,y,.)  =  M^ (7)- 

These  two  equations  involving  two  arbitrary  constants  con- 
tain the  complete  solution  of  the  system  given. 

4.  It  is  important  to  observe  that  the  system  (2)  may  be 
expressed  in  the  symmetrical  form 

die        _^        rfy        ^        dz 

If  we  represent  tha  denominators  of  the  above  reduced 
system  by  X,  F,  Zy  it  becomes 

$  =  f=f (8). 

This,  then,  may  be  regarded  as  the  symmetrical  form  of  a 
system  composed  of  two  differential  equations  of  the  first 
order. 

Again,  the  complete  solution  of  such  a  system,  as  is  expressed 
by  (6)  and  (7),  consists  of  two  equations  connecting  the  varia- 
bles Xy  y,  z  with  two  arbitrary  constants.  If  we  solve  these 
equations  with  respect  to  the  constants,  the  solution  assumes 
the  form 

^i(^>y>«)=^i>    <^a(aJ,y,«)  =  C2 (9). 

Thus  a  system  of  two  differential  equations  of  the  first 
order  may,  without  loss  of  generality,  be  presented  in  the 
symmetrical  form  (8),  and  its  complete  solution  in  the  sym- 
metrical form  (9), 
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Ex.  1.     Given 

(5y  +  9z)dx+di/  +  dz='  0,     (4y  +  3z)  dx  +  2dy  -  ^^  =  0. 

Here  we  find  by  algebraic  solution 

|=-3y-4^ («). 

£=T2y-5. ih), 

d^y         ^  dy      .  dz 
whence  T«  =  ""3-y-  —  4jr- 

ax  ax        ax 

Eliminating  z  by  (a),  we  have  on  reduction 

a  linear  equation  with  constant  coefficients  whose  complete 
primitive  is 

y  =  C^e- +  C;e-" (c). 

Equating  the  value  of -7^  hence  determined  with  that  given 

in  (a)  we  have 

2y  +  4!Z  =  C^e'' +  7  C^e^'' (d). 

The  complete  solution  is  therefore  expressed  by  (c)  and  (d). 

Theoretically  it  is  of  no  consequence  which  of  the  primitive 
variables  we  assume  as  independent.  But  practically  the 
question  is  of  some  importance  as  afifecting  the  character  of 
the  final  differential  equation. 

Ex.2.    Given  ^-3aj  +  y  =  0,   ^-^-y^O. 

Differentiating  the  first  equation  we  have 

di"     "^  dt'^  dt~^' 

from  which  eliminating  -^  by  the  second  equation  we  have 

d^x     ^dx 
___3^^  +  »  +  2,  =  0. 
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Hence  eliminating  y  by  the  first  equation 


Integrating 


and  this  value  of  x  substituted  in  the  first  equation  gives 

y  =  {C-C'  +  G't)€". 

The  last  two  equations  constitute  the  primitive  system. 

We  choose  next  an  example  in  which  the  given  system  in- 
volves  functions  of  the  independent  variable  in  the  second 
members. 

Ex.3.    Given  J  +  5a?  ~  2^^  =  €*,      ^^x  +  6y  =  €\ 
Here,  differentiating  the  first  equation,  we  have 


^  dx     ^  dy      . 


Eliminating  -^by  the  second  equation  of  the  given  system, 


we  have 


S+«S-2-  +  12,  =  e'+2e«'. 


And,  eliminating  y  by  means  of  the  first  equation  of  the 
system, 

a  linear  differential  equation  of  the  second  order  whose  solu- 
tion is 

Hence,  by  the  first  of  the  given  equations. 

The  last  two  equations  are  the  complete  primitives  of  the 
system  given.  


ll--«   ^^ (11)^ 
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5.  The  above  theory  may  be  extended  to  all  systems  which 
are  composed  of  n  diflferential  equations  of  the  first  order  and 
degree  connecting  n  +  \  variables* 

Assume  x  (independent)  and  a?^,  x^^  ,..x^  (dependent)  as  the 
variables  of  the  system.  Then  there  exist  n  differential 
equations  of  the  form 

Pdx  +  P^dx,  +  P^dx^...  +  FJx^=-0 (10), 

P,  P,,  &c.  being  functions  of  the  variables.  These  equations 
exactly  suffice  to  determine  the  ratios  of  the  differentials  dx^ 
dx^y...  dx^j  and  thus  assume  the  symmetrical  form 

dx  __  dx^  __  dx^      _  dx^ 

X,  X^y  &c.  being  determinate  functions  of  the  variables. 

This  premised,  the  solution  of  the  system  (11)  depends  upon 
the  solution  of  a  single  differential  equation  of  the  v^  order 
connecting  two  of  the  variables. 

Let  us  select  for  the  two  x  and  x^. 

Now  (11)  gives 

dx^_X^     dx^_X^         ^-:?«  n9\ 

dx      X'    dx^  X'  '''  dx"  X  ^    ^' 

Differentiate  the  first  of  these  w  —  1  times  in  succession,  re- 
garding x  as  independent  variable  and  continually  substitut- 

dnC  dx 

ing  for -r^ ,  ...  -^  their  values  as  given  by  the  n  —  1  last 

equations  of  the  above  system.  We  thus  obtain,  including 
the  equation  operated  upon,  n  equations  connecting 

dx^      d^x^     d^x^ 
d^'    'd(^'''~d^^ 

with  the  primitive  variables  and  therefore  enabling  us,  Ist,  to 
express  the  above  n  differential  coefficients  in  terms  of  those 
variables,  2ndly,  by  elimination  of  the  w  —  1  variables,  a?,,  a?,, 
...a?^,  to  deduce  a  single  equation  of  the  form 

f(xx   ^     ^      — *Uo  fl3) 
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Now  this  being  a  diflferential  equation  of  the  n^  order,  there 
exist,  Chap.  IX.  Art.  1,  n  first  integrals  involving  n  distinct 
arbitrary  constants  and  capable  of  expression  in  the  form 


dx,   .  d  x^      Cb    X 
da?  "*  da?* 

d\      d"-* 


dm?  '"  da;* 


K  (*.  «>o 


dx^     d'a;,      (J 


dx  '    «tc*  ***  dx' 


W^)  =  ^« 


.(14). 


dx,     dV      d 


»-i 


a?. 


If  in  this  system  we  substitute  for  -j-^ ,    -^ ...  ;t-if/  their 

values  in  terms  of  the  primitive  variables  above  referred  to, 
we  shall  obtain  a  system  of  n  equations  of  the  form 


(15), 


This  is  the  primitive  system  sought. 

And  thus  the  following  Propositions  are  established,  viz. 
1st,  that  a  system  of  differential  equations  of  the  first  order 
connecting  w  + 1  variables  is  expressible  in  the  symmetrical 
form  (11).  2ndly,  tliat  its  complete  solution  depends  on  that 
of  an  ordinary  differential  equation  of  the  m!^  order  (13). 
3rdly,  that  that  solution  consists  of  n  equations  connecting  the 
primitive  variables  with  n  arbitrary  constants  and  theoreti- 
caUy  expressible  in  the  form  (15). 

These  very  important  propositions  were  first  established  by 
Lagrange,  but  the  above  demonstration  of  them  is  taken  from 
a  memoir  by  Jacobi*. 

It  is  not  necessary,  as  is  evident  from  the  examples  already 
given,  actually  to  determine  the  n  first  integrals  of  the  differen- 
tial equation  (13).  The  complete  primitive  and  the  successive 
equations  obtained  from  it  by  differentiation  enable  us  to  ac- 

*  Veher  die  Integration  der  partiellen  Hfferential-Gleichungen  erster 
Ordnung.     Crelle,  Tom.  ii.  p.  817« 
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complisli  the  same  object.  Neither  is  it  always  necessary  to 
proceed  to  differential  equations  of  an  order  higher  than  the 
first.     This  point  will  be  illustrated  in  the  following  sections. 

Linear  equations  of  the  first  order  with  constant  coefficients. 

6.  The  characters  here  mentioned  have  reference  only  to 
the  dependent  variables  which  are  the  true  unknown  quanti- 
ties of  the  system.     Thus  the  equation 

dx     ,  dy  ,  ,,v 

would  be  described  as  linear  and  with  constant  coefficients. 

The  solution  of  any  system  of  n  such  equations  is  by  the 
foregoing  general  method  reducible  to  that  of  an  ordinary 
linear  differential  equation  of  the  r!^  order  with  constant  co- 
efficients. And  this  method  is  in  the  two  following  respects 
the  best  of  all,  viz.  1st,  because  of  its  fundamental  character, 
2ndly,  because  it  leads  directly  to  the  expression  of  the  values 
of  the  dependent  variables. 

The  solution  of  such  a  system  may  however  also  be  effected 
by  the  method  of  indeterminate  multipliers,  and  this  we 
propose  here  to  exemplify.  Its  advantage  is  that  it  generally 
presents  the  equations  of  the  solution  under  a  common  type, 
so  that  their  discovery  is  made  to  depend  upon  the  discovery 
of  a  single  general  form. 

Ex.     Given  -^  =  aa?  +  5y  +  c,     -^  =  ax-\-  Vy-\-c. 

Multiplying  the  second  equation  by  an  indeterminate  quan- 
tity m,  and  adding  to  the  first,  we  have 

-17 — -  =(a  +  ma)a;+(o  +  m6)y  +  c  +  mc 


dt 


^             *  \       a  4-  ma  ^     a  4-  fna  J 
^{a'\-ma)\X'\-my-\-  — ,   (a). 
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provided  that  we  determine  m  so  as  to  satisfy  the  condition 

h  4-  w  J 


m  = 


a  +  ma'* 


or  aW+(a^b')m^b-0 (6). 

Now  (a)  gives 

^  +  "^y     ,  =  (a  +  rm')dt, 

^      a  +  ma 
whence  on  integration 

log^a:  +  my  +  ^-^^,)  =  (a  +  wa')<  +  a. (c). 

In  this  equation  it  only  remains  to  substitute  in  succession 
the  two  values  of  m  furnished  by  (6).  The  two  resultilag 
equations,  in  which  the  arbitrary  constants  must  of  course  be 
supposed  different,  will  express  the  complete  solution  of  the 
problem. 

When  the  values  of  m  are  equal,  the  form  (c)  furnishes 
directly  only  a  single  equation  of  the  complete  solution.  We 
may  deduce  the  other  equation,  either  by  the  method  of  limits 
(assuming  the  law  of  continuity),  or  by  eliminating  x  from 
the  given  system  by  means  of  (c),  and  then  forming  a  new 
differential  equation  between  y  and  t  It  seems  preferable 
however  to  employ  the  general  method  of  Art.  5,  by  which 
all  diflSculties  connected  with  the  presence  of  equal  or  imagi- 
nary roots  are  referred  to  the  corresponding  cases  of  ordinary 
differential  equations. 

7.  Simultaneous-equations  are  so  often  presented  under  the 
symmetrical  form  (11)  that  the  appropriate  mode  of  treatment 
deserves  to  be  carefully  studied,  especially  as  it  possesses  the 
superiority,  always  in  point  of  elegance,  and  frequently  in 
point  of  convenience,  over  other  processes. 

It  is  known  that  each  member  of  a  system  of  equal  frac- 
tions is  equal  to  the  fraction  which   would  be  formed   by 
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dividing  any  linear  homogeneous  function  of  their  nume- 
rators by  the  same  function  of  their  denominators.  Hence  if 
we  have  a  system  of  equations  of  th^  form 

X,  "  X^ "  ^n"^ ^ 

in  which  we  suppose  t  the  independent  variable,  and  Ta 
function  of  t  only,  then  we  shall  have 

dt  _  dx^  4-  Tndx^ ...  +  rdx^  ,-,_. 

T  "  JC,  +  mX,...  +  rX^  ' ^^'^• 

Hence,  should  the  first  member  be  an  exact  differential,  the 
inquiry  is  suggested  whether  the  multipliers  m,,..r  cannof 
be  so  determined,  whether  as  functions  of  the  variables  or  as 
constants,  as  to  render  the  second  meniber  such  also.  Now 
when  the  system  of  equations  is  linear  and  with  constant  co- 
efficients this  can  always  be  effected.  It  may  be  observed 
that  the  character  of  the  system  is  as  manifest  from  inspec- 
tion of  the  symmetrical  form  (16)  as  of  the  ordinary  form. 
If  the  system  be  linear  and  with  constant  coefficients  the  de- 
nominators X^,  Xj, ...  X^  will,  when  considered  with  respect 
to  the  dependent  variables  x^^  a?j, ...  a?^,  be  linear  and  with 
constant  coefficients. 

In  the  employment  of  this  method  it  is  often  of  great  ad- 
vantage to  introduce  a  new  independent  variable,  and  to 
consider  all  the  variables  of  the  given  system  as  dependent 
upon  it.  We  are  thus  enabled  to  secure  the  condition  above 
adverted  to,  of  having  one  member  of  the  symmetrical  qrstem 
an  exact  differential. 

Ex.  1,    Given  = =  -; K^ 7 . 

cbx-\-by-^o     ax-^by-^-o 

Let  us  introduce  a  new  variable  j  so  as  to  give  to  the  system 
the  form 

dx  dy  dt  t  \ 


ax'\-hy-\-c     a'x  +  Vy  4-  c'      t 
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Here  the  third  member  being  an  «xact  diflferential,  we  shall 
write 

dt  dx  +  mdy 

™   ■  ■  ^^S    —  ■     I  ■■-■■■  ■    ■  ■       ■■  , ,  ^ 

^  dx-^  mdy 

"  (a+  ma!)  x  'i-(b+mb')y  +  c  +  W 

_      1  (a  +  ^a')  d!a?  +  (a  +  ma)  mdy 

a  +  m/i  (a  +  ma) x  +  (b  +  mb') y-^c^ mc  ' 

The  second  member  of  this  equation  will  be  an  exact  diflfer- 
ential if  we  have 

{a  +  ma')  m  =  6  +  m6' .....(6), 

the  integral  corresponding  to  each  value  of  m  thus  deter- 
mined being  of  the  form 

log  t  +  (7=  — ; ,  log  {(a  +  ma')  x  +  (5  +  mS')  y  +  c  + wc'l, 

1 
or  C  ^  =  {flwj  +  6y  +  c  +  w  {dx  +  Vy  +  c')}  *"^'^'. 

If  the  roots  of  the  quadratic  (6)  are  m^  and  mg,  we  thus  find 

Q  =  {aaj  +  iy  +  c  +  m^  {dx  +  5  y  +  c  )}»+"»««'J 

for  the  primitive  equations  of  the  system  (a).  Those  of  the 
given  system  will  be  obtained  by  eliminating  f.  The  result 
assumes  the  remarkable  form 

1 

—j—  =  ^ W- 

Ex.  2.    Given  "y=  ~  k  ^  "z  *  ^^®^® 

F  =  a'a?  +  Vy  +  c'^  +  cZ'^ (a). 
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Introducing  a  new  variable  t,  so  as  to  give  to  the  system  the 
more  complete  form 

dt  _dx     dy  _  dz 

TT'T'Z • 


m> 


we  have 


dt  _  Idx  +  mdy  +  rvdz 


(3). 


Jdx  +  mdy  +  ndx  , . 

X(te  +  my  +  ««  +  r) "^  '* 

Provided  that  we  assume 

al  +  am  +  o!'n  =  \Z 
JZ  +  Vm  +  &"n  =  \m 
cl  +  c'm  +  c"m  =  \n 
dl  +  c?'m  +  d''n  =  \r 

The  first  three  of  these  may  be  written  in  the  form 

{a-\)l-\-a'm  +  a"n  =  0'\ 

U  +  {J)'-\)m  +  h"n  =  Q\ (e), 

cZ  +  c'm+ (c"-X)«  =  oJ 

whence  eliminating  I,  m,  n  we  have  the  well-known  cubic 
(a  -  X)  (6'  -  \)  (c"  -  \)  -  6"c'  (a  -  X.) 

-  coi'  {V  -  X)  -  hcl  (c"  -  X)  +  c'6"c  +  a"U'  =  0. . .  (/). 

Now  let  the  values  of  X  hence  found  be  X^,  \,  Xg,  and  the 
corresponding  values  of  l,  m,  w,  r  be  l^,  m^,  n^,  r^,  l^,  m^,  &c., 
then  integrating  (c)  we  shall  have  the  system 

1^ 
c^t  =  {l^x  +  mji/A-  n^z  +rj)^S 

Hence  eliminating  i  by  equating  its  values,  we  find  as  the 
general  solution  of  the  original  system  of  equations 
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1  1 

=  G'  {l^x+m^  +  n^  +  r^^^ . . .  (g). 
In  the  same  way  we  may  integrate  the  general  system 


where  X^,  X^,...X^  are  any  linear  functions  of  the  variables. 

8.  From  the  above  results  the  solutions  of  various  sym- 
metrical systems  in  which  the  denominators  are  not  linear 
may  be  deduced.  The  most  remarkable  of  such  deductions  is 
the  following. 

Suppose  that  in  the  system 

dx'         _  dy' dz  .  . 

oaj'  +  hy'  +  cz' "  a'x'  +  ty  +  c'z  "  aV  +  b''y'  +  cV  ''•  ^"^^^ 

the  solution  of  which  is  known  from  what  precedes,  we  sub- 
stitute 

aj'  =  a?/,   y'  =  yz\ 

X  and  y  being  new  variables  introduced  in  the  place  of  x'  and 
y.    The  result  is 

zdx  4-  xdz  _    z'dy  +  yd/   __  d/ 

ooj  +  6j^  +  c ""  a'aj  +  6'y  +  c' "  a''x+b"y  +  c''' 

to  which  we  may  obviously  give  the  form 

^r'da; z'dy 

ax  +  by  +  c  -xia'x  +  V'y  +  c")  "*"  ax'{-b'y+c'-y(a!'x+V'y+c") 

dz 


J I  • 


a x+o y+c 
Dividing  the  first  equation  of  this  system  by  z\  we  have 

^ ^ ,7  X 

ax-{-by+C'X{a"x+b''y+c'') " dx-\'b'y-^c-y[a'xWy'-\'0")"'^^' 

Now  this  on  clearing  effractions  will  be  found  to  be  of  the  same 
form  as  Jacobi's  equation  {Crelley  Tom.  xxiv.  p.  1),  whose 
solution  on  other  grounds  has  been  explained,  Chap.  v.  Art.  8. 

B.  D.  E,  20 
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We  see  that  the  solution  of  (6)  is  deducible  from  that  of 
the  system  (a)  by  changing  a?'  into  oaz'y  y'  into  ysf,  and  elimi- 
nating z\ 

And  just  in  this  way  the  solution  of  any  symmetrical 
non-linear  system  of  the  form 

^1      ^      ^^  ^...=      ^"  (18), 

in  which  X,  X^,  X^,...X^  are  linear  functions  of  the  variables 
x^,  x^,..>x^  may  be  made  to  flow  from  that  of  a  symmetrical 
system  of  the  form 

in  which  X^,  X^y...X^^  are  linear  homogeneous  functions  of 
the  variables  x^y  x^,...x^^.  The  general  solution  of  the  sys- 
tem (18)  seems  to  have  been  first  obtained  by  Hesse  {GreUe, 
Tom.  XXV.  p.  171), 

9.  Lastly,  certain  systems  of  linear  equations  which  have 
not  constant  coefficients  may  be  solved  by  the  above  methoi 

Thus  the  solution  of  the  equations 

where  T,  T^,  T^  are  functions  of  the  independent  variable, 
may  be  reduced  to  that  of  an  ordinary  linear  differential  equa- 
tion of  the  first  order. 

For  proceeding  as  before,  we  find 

^(^±^  +  xr(a;  +  my)=2'.  +  mJ; (6). 

provided  that  X  and  m  be  determined  by  the  conditions 

\  =  a.+  ma\    Xm  =  b  +  mb' (c)* 


(«). 
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Hence  eliminating  \,  we  have 

m(a  +  ma')  =  b  +  mb' {d), 

which  gives  two  values  for  m.  Integrating  (b)  regarded  as 
a  linear  equation  of  the  first  order  between  x  +  my  and  t,  and 
substituting  for  \  its  value  in  terms  of  m  given  by  the  first 
equation  of  the  system  (c),  we  have 

x  +  mr,  =  e-^'^'^I'''^{C+je^'^^'>J'''^iT,  +  mT;)dt}...{e), 
in  which  it  remains  to  substitute  for  m  its  values  given  by  (d), 
Ex.     Given  ^  +  ?(a;-y)  =  l,    -J  +  J(^+%)  =  ^. 
The  solution  is 

If  in  the  system  (a)  we  make  r=  1,  it  becomes  a  system  of 
equations  with  constant  TJoefficients  but  possessed  of  second 
members. 

The  general  system  analogous  to  (a)  when  the  number  of 
variables  is  increased,  may  be  solved  by  the  same  method. 
It  may  be  well  to  notice  that  the  equivalent  symmetrical 
form  is 

(20), 

where  X^y  Xj,...X^  are  linear  homogeneous  functions  of  the 
dependent  variables,  and  T,  jT^,  ...  T^  are  functions  of  t 
Treated  under  this  form,  it  is  obvious  that  its  solution  will 
be  made  to  depend  upon  that  of  a  linear  differential  equation 
of  the  first  order,  and  an  auxiliary  algebraic  equation  of  the 
n^  degree. 

Equaticms  of  an  order  higher  than  the  first 

10.  Any  system  of  simultaneous  equations  of  an  order 
higher  than  the  first  is  reducible  to  a  system  of  the  first 

20—2 


dx^             dx^ 

dx^         dt 

X,  +  TrX,-,T,- 

'~X  +T  ~  T 
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order.  And  this  reduction  though  not  always  necessary  for 
the  purpose  of  solution  is  theoretically  important,  because  it 
enables  us  to  predicate  what  kind  of  solution  is  possible. 

To  effect  this  reduction  it  is  only  necessary  to  regard  as  a 
new  variable  and  to  express  as  such  by  a  new  symbol,  each 
differential  coefficient,  except  the  highest,  of  each  dependent 
variable  in  the  given  equations.  The  transformed  equations 
will  thus  be  of  the  first  order,  and  the  connecting  relations  of 
the  first  order  also ;  and  the  two  together  will  constitute  a 
system  of  simultaneous  equations  of  the  first  order. 

Ex.     Given  the  dynamical  system 

dp^  '      de^^'     de"  ' 

where  X,  Y,  Zare  functions  of  the  variables. 
Here  if  we  assume 

dx       ,       dif  ^   t       dz  ^  , 

It'"''     M-^'    .di~^' 

the  given  sTstem  assumes  the  form 

^'=x    ^=r    ~=z. 

dt        *      dt        '       dt 

Thus  we  have  in  the  whole  six  equations  of  the  first  order 
between  the  six  dependent  variables  x,  y,  Zy  x\  y\  z\  and  the 
independent  variable  t 

The  complete  solution  of  the  latter  system  will  therefore 
consist  of  six  equations  connecting  the  above  system  of  varia- 
bles with  six  arbitrary  constants. 

If  from  these  six  equations  we  eliminate  the  three  new 
variables  x\  y\  z\  we  obtain  three  equations  connecting  the 
original  variables  a?,  y,  2f,  t  with  the  above-mentioned  six 
arbitrary  constants. 

And  thus  it  might  be  shewn  that  the  complete  solution  of 
any  system  of  three  differential  equations  of  the  second  order 
between  four  variables  will  be  expressed  by  three  primitive 
equations  connecting  these  variables  with  six  arbitrary  con- 
stants. 
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And  still  more  generally,  the  complete  solution  of  a  system  of 
n  differential  equations  containing  ti  + 1  variables  of  which  one 
is  independent  will  consist  of  n  equations  connecting  those 
variables  with  a  number  of  constants  equal  to  the  sum  of  the 
indices  of  order  of  the  several  highest  differential  coefficients. 

For  let  t  be  the  independent  and  x  one  of  the  dependent 

variables,  and  let  the   highest   differential  coefficient  of  x 

d^x 
which  presents  itself  be  -^  .    Then  in  the  reduction  of  the 

system  of  given  equations  to  a  system  of  equations  of  the  first 
order  it  is  necessary  to  introduce  »  — 1  new  variables  con- 
nected with  X  by  the  relations 

dx  dx.  dx^  , 

dt  ^^'  dt     ~'^»'-         dt       "^"-^* 

Thus  the  number  of  variables  in  the  transformed  system  cor- 
responding to  X  and  its  differential  coefficients  will  be  w,  and 
as  a  similar  remark  applies  to  all  the  other  variables,  it  ap- 
pears that  the  total  number  of  variables  of  the  transformed 
system  will  be  equal  to  the  sum  of  the  indices  of  the  orders 
of  the  highest  differential  coefficients  of  the  several  dependent 
variables  in  the  system  given.  Such  then  will  be  the  number 
of  equations  of  the  transformed  system,  and  such  the  number 
of  constants  introduced  by  their  complete  integration.  Art.  5. 

It  is  also  evident  that  if  from  the  equations  by  which 
the  complete  solution  is  expressed  we  eliminate  all  the  new 
variables  there  will  remain  a  number  of  equations  equal  in 
number  to  the  original  equations,  and  connecting  the  primi- 
tive variables  with  the  constants  above  mentioned.  Thus  the 
proposition  is  established. 

The  transformation  above  employed  is  further  important, 
because  in  the  highest  class  of  researches  on  theoretical  dy- 
namics it  is  always  supposed  that  the  differential  equations 
of  motion  are  reduced  to  a  system  of  simultaneous  equations 
of  the  first  order. 

At  the  same  time  it  is  not  necessary  for  ordinary  purposes 
to  effect  this  reduction.  Differentiation  and  elimination  al- 
ways enable  us  to  arrive  at  a  differential  equation,  higher  in 
order,  between  two  of  the  variables.     The  method  of  indeter- 
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minate' multipliers  may  also  be  sometimes  used  with  advan- 
tage.   No  general  i*ule  caa  however  be  given. 

[The  statement  respecting  the  number  of  arbitrary  constants 
is  not  universally  true.  Suppose,  for  example,  that  there  are 
two  simultaneous  differential  equations  which  connect  x  and  y 
with  the  independent  variable  t    Let  one  equation  contain 

differential  coeflScients  up  to  --^^  and  -—^  inclusive ;   and  let 

.       .      "      •  .  d^x 

the  other  equation  contain  differential  coefficients  up  to  -^ 

and  —rz  inclusive :  then  it  can  be  shewn  that  the  number  of 
df 

arbitrary  constants  involved  in  the  solution  is  the  greater  of 

the  two  numbers  m  +5  and  n  +  r.     See  Coumot,  TraiU  EM- 

Toentaire  de  la  Thiorie  des  Fonction$...lS4tl,    Vol.  n,  p.  318.] 

Ex.1.     Given  ^  =  flw; 4- Jy,  --^  =  ax  +  Vy. 

1st  method.  Differentiating  the  first  equation  twice  with 
respect  to  t,  we  have 

d^x  _    ^x     ,  {?y 
dt^'^'W^^W 

d^V 
Eliminating  y  and  -i4  from  the  above  three  equations,  we 

have 

^,-(.a  +  h')^+(ab'-a'b)x^O (a). 

The  complete  integral  of  this  linear  eqiiation  with  constant 
coefficients  will  determine  x,  whence  y  is  given  by  the  formula 


l/d*x 

y=bKd^ 


—  axj . 

2nd  method.    From  the  given  equations  we  find 

d?x        d^y 
A^- m -^- {a'\' ma') x^  (b  +  mV)  y 

^{a  +  rm)  U?+— r /y  1. 

"^  \       a'\-  ma  ^  / 


di' 
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Let  X  +  my  =  w,  then  provided  that  we  determine  m  by  the 
condition 

m  = , [ph 

a  +  ma  ^  ' 

we  shall  have 

whence  u  =  (7,e<«+'»«')**  ^  (ij-{a-\-ma')H^ 

Let  mj,  m,  be  the  values  of  m  given  by  (6),  then  the  complete 
primitive  system  is 

and  this  is  really  equivalent  to  the  previous  solution,  though 
more  symmetricaL 

Ex.  2.  The  approximate  equations  for  the  horizontal  mo- 
tion of  a  pendulum  when  the  influence  of  the  earth's  rotation 
is  taken  into  account*  are 

df   '^'' dt^i:'-^ 

d^y     ^   dx     ay     ^ 

I  representing  the  length  of  the  pendulum,  g  the  force  of 
gravity,  and  —  r  being  equal  to  flie  product  of  the  earth's 
angular  velocity  into  the  sine  of  the  latitude  of  the  place. 

As  the  equations  have  constant  coefiicients  they  admit  of 
complete  integration.    If  we  diflferentiate  so  as  to  enable  us 

to  eliminate  y,  -^  and  -^^ ,  we  find  as  the  result 


,(a). 


^K^''^f)S^?-=»----">- 


Jnllien,  Prohlhnes  de  Micanique  Bationnelle^  Tom.  ii.  p.  233. 
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the  complete  solution  of  which  is  of  the  form 

x  =  A  cos  (m^t  +  a)  +  B co8{mj^  +  /3) (c), 

where  A,  a,  5,  fi  are  arbitrary  constants,  and  m^\  m^  are  the 
two  roots,  with  signs  changed,  of  the  equation 


/i«-2(2r»  +  |)/*  +  ^  =  0. 


From  the  above  value  of  x  that  of  y  may  be  obtained  by 
means  of  the  formula 

I   d^x     I fc%     .    9\dx  .J. 

y=-2;id?-^r+2wjdi ('^' 

which  is  readily  deduced  from  the  given  equations. 
The  above  system  may  also  be  solved  by  assuming 

x  =  x  cos  r<  +  ^  sin  r^ 

y 

The  transformed  equations  are 


=  a?'  cos  r<  +  y  sin  r^    1  , , 

=  —  a?smr<  +  ycosr<j  ^' 


where  \«=r*  +  |; 


whence  we  find 


x'^A  cos  Ai  +  ^  sin  \t 
tf'  =  A'  cos  X<  +  J?  sin  \t 


] (/)• 


11,  In  problems  connected  with  central  forces  particular 
forms  of  the  following  system  of  equations  present  them- 
selves, viz. 

^_dB      d^_dB      d^_dB  .^ 

dfdx'     df^ly'     dfdz ^^^' 

where  B  is  a  given  function  of  the  quantity  V(^ + y* + 0 
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or  r.    Multiplying  the  above  equations  by  dx,  dy,  dz  respec- 
tively, and  integrating,  we  have 

B  being  an  arbitrary  constant. 

.     .       .       dR     dltdr     xdR    «     .i       •  ^^         /» 

Again,  since  -7-  =  -^-j-  ~  "  "T"  »  ^^  *^^  given  system  of 

equations  may  be  expressed  in  the  form 

d^x  _xdR         d^y  ^yrdR         d^z  _zdB 
Wrdir'        df'^r'dr'         Wrdr^ 

dH 

Now  if  from  each  pair  of  equations  we  eliminate  -j- ,  we 

obtain 

cPv       ^^     />        ^z       d^y     ^        dfx       6?z     ^ 

*5?-2'^=^'  yTe-'r"^'  ^i^-^w^^' 

of  which  it  is  evident  that  two  only  are  independent.     Inte- 
grating these,  we  have 

dv       dx     j^         dz       dy     ^         dx       dz      ^ 

""l-^d-r^^'  ^di-'t^^"  'Tt-^'dr^'^ 

Cj,  (7,,  C3  being  constants.  .    . 

Squaring  the  last  three  equations  and  adding,  we  obtain 
a  result  which  may  be  expressed  in  the  form 

or,  by  virtue  of  (6)  and  of  the  known  value  of  r, 

%*{B^-B)-{r^^^A* (c). 

Tdv 

^^^"""^  *  =  V{2»^(i2  +  5)-^'} ^^' 

c  irdif* 


at        at  J 
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Again,  it  is  evident  that  by  means  of  (c)  we  can  eliminate  R 
from  each  equation  of  the  system  (a).    For  (c)  gives 


J2  =  --B+ 


m-($)]- 


Substituting  which  in  the  first  of  the  given  equations,  we 
have 

d^x  _  a?  /     u4'     c?r  d  dr\ 

d^^ryV^didrdt) 

TT  cPx       d^r     J?x     ^ 

Hence  ^__a;^  +  -3-  =  0. 

d    ^  d  X     Jlx     ^ 
dt     dtr       r*         ' 

therefore  r^^yt  {-]  +  ^'  ^  =  0. 

dt     dt  \rj  r 

If  we  now  assume  —^  =  d^,  the  above  becomes 

X 

whence  -  =  ajCos^+  J^sin^ (/). 

In  like  manner,  we  find 

'^^a^cos(j>  +  b^ain<f> {g)> 

-asa^cos^  +  S.sin^  {h), 

in  which  we  must  substitute  for  (j)  its  value,  viz. 

rAdt_  r Adr 
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To  this  expression  it  would  be  superfluous  to  annex  an  arbi- 
trary constant  before  that  substitution.  For  each  of  the 
second  members  of  (/),  (^),  (h)  is  expressible  in  the  form 
(7 cos  {(f>  +  C)y  in  which  <}>  is  already  provided  with  an  arbi- 
trary constant. 

The  solution  is  therefore  expressed  by  means  of  (e)  and  (i), 
which  determine  r  and  the  auxiliary  (f>  as  functions  of  t,  and 
^y  (/)>  {9)>  Wj  which  then  enable  us  to  express  x,  y,  z  aa 
functions  of  t  As  we.  have  however  made  no  attempt  to 
preserve  independence  in  the  series  of  results,  the  constants 
will  not  be  independent.  If  we  add  the  squares  of  (/),  {g), 
{h),  we  shall  have 

1  =  (tti*  +  a/  +  a^)  cos'  ^  +  2  {aj>^  +  ajb^  +  ^363)  sin  <^  cos  ^ 

which  involves  the  relations  among  the  constants 

a,'+ V  +  a3*  =  l,  6,'  +  V  +  V  =  l>  aj}^'hajb^  +  aj)^  =  0...(k). 

The  six  constants  in  (/),  (g),  (A),  thus  limited,  supply  the 
place  of  only  three  arbitrary  constants,  and  there  being  three 
also  involved  in  (e),  the  total  number  is  six,  as  it  ought  to  be. 

In  the  same  way  we  may  integrate  the  more  general  system 

dfdx^'    dfdx^'^''        df^dxj 

where  JB  is  a  function  of  ^/(x^ '\-x^..,  +  x^.  The  results, 
which  have  no  application  in  our  astronomy,  are  of  the  form 
which  the  above  analysis  would  suggest.  Binet,  \o  whom 
the  method  is  due,  has  applied  it  to  the  problem  of  elliptic 
motion.  (Liouville,  Tom.  11.  p.  457.)  For  all  practical  ends 
the  employment  of  polar  co-ordinates,  as  explained  in  treatises 
on  dynamics,  is  to  be  preferred. 

12.  The  following  example  presents  itself  in  a  discussion 
by  M.  Liouville*,  of  a  very  interesting  case  of  the  problem  of 
three  bodies, 

*  8ur  un  cos  particulier  du.Problhme  des  trois  eorps^  Journal  de  Mathi" 
matigues,  Tom.  i.  2nd  series,  p.  248. 
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Ex.    Given 

where,  for  brevity,  of  is  put  for  cos  [at  +  6),  y*  for  sin  (of  + 1\ 
If  we  transform  the  above  equation  by  assuming 

uaf  •\'Vy  ^U,    uy*  —  vx  =  F, 
we  find,  after  all  reductions  are  effected, 

And  these  equations  being  linear  and  with  constant  co- 
efficients, may  be  integrated  by  the  process  of  the  previ- 
ous section.  ' 


EXERaSES. 

K        ^ ^y     -7/ 
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6.    -dx  =  J^-~  =  -J?—. 

8.    ^-3a!-4y  +  3  =  0,    ^  +  x+y  +  5  =  0. 

10.  Given  ^  =  3^^  =  -^^  =  ^,  where 

and  T,  T,,  T,,  T,  aore  functions  of  «. 

11.  What  is  the  general  form  of  the  solution  of  a  system 
of  n  simultaneous  equations  of  the  first  order  between  n  +  1 
variables? 

12.  What  number  of  constants  will  be  involved  in  the 
solution  of  a  system  of  three  simultaneous  equations  of  the 
first,  second  and  fourth  order  respectively  between  four 
variables? 

13.  Of  the  system  of  dynamical  equations, 

^4./f?-.0        ^4.^^-0        ^^4-^f-n 

where  r  =  (cc^  +^  +  0*  seven  first  integrals  are  obtained  of 
which  it  is  subsequently  found  that  five  only  are  independent. 
How  many  final  integrals  can  hence  be  deduced  without  pro- 
ceeding to  another  integration  ? 
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14.    Given  a-T-  =  Q)  —  c)yz (1), 

h-£  =  {c-a)zx (2),    c^  =  (a-b)an/ 


(3). 


Putting  ^— = If    — —  =  TO,   — -  ^  n  we  find,  on  eliminating  dt, 

Ixdx = mydy  =  nzdz, 

from  which  y  and  z  will  he  found  in  terms  of  Xy  and  their  yalnes  wiU  rednce 
(1)  to  a  differential  equation  bf  the  first  order  hetween  x  and  U 

Or  multiply  the  given  equations,  first  hy  as,  y,  «,  respectively,  add  the 
results  and  integrate ;  2ndly  hy  ox,  by,  cz,  respectively,  add  the  results  and 
integrate.  Then  hy  means  of  the  integrals  ohtained  eliminate  two  of  the 
variahles  from  any  of  the  given  equations. 

15.  Shew  that  in  the  example  of  Art.  12,  the  transform- 
ation 

x  =  x  cos  {rt  +  €)  +  y'  sin  (rt  +  c), 

y  =  -^x  sin  (rt  +  €)  +  y  cos  (rt  +  e), 

€  being  an  arbitrary  constant,  would   not  lead   to  a  more 
general  solution  than  the  one  actually  arrived  at. 
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CHAPTER  XIV. 

OF  PARTIAL  DIFFERENTIAL  EQUATIONS. 

1.  Partial  differential  equations  are  distinguished  by  the 
fact  that  they  involve  partial  differential  coeflScients  in  their 
expression,  and  therefore  indicate  the  existence  of  more  than 
one  independent  variable.     Chap.  i.  Art.  2. 

• 

The  nature  of  these  equations  will  be  best  explained  by 
one  or  two  examples  of  the  mode  of  their  formation, 

Ex.  1.    The  general  equation  of  cylindrical  surfaces  is 

a;—  lz  =  (l>(y'-mz) (1), 

<^  being  a  functional  symbol,  and  I  and  m  constants  deter- 
mining the  direction  of  the  generating  line.  As  this  is  a 
relation  connecting  three  variables  we  are  permitted  to  regard 
two  of  them  as  independent.  Choosing  x  and  y  as  the  inde- 
pendent variables,  and  differentiating  with  respect  to  them  in 
succession,  z  being  regarded  as  dependent  on  them  both, 
we  have 

^-^^  =  -'"^'(2'-"^^)£ •■ (2). 

-Z|  =  f(,-^)(l-«»|) (3). 

Eliminating  the  function  ^'(y-^mz),  there  results 

'i+-i-> w. 

the  partial  differential  equation  of  cylindrical  surfaces.  Of 
this  equation  (1)  is  termed  the  general  primitive. 

In  the  above  example  a  linear  partial  differential  equation 
of  the  first  order  has  been  formed  by  the  elimination  of  a 
single  arbitrary  fanction. 


320  PARTIAL  DIFFERENTIAL  EQUATIONa         [CH.  XIV. 

Ex«  2.    If  we  assume  as  a  primitive  equation 

»  =  CM?  +  6y  — oJ (5), 

and,  regarding  x  and  y  as  independent,  differentiate  with  re- 
spect to  these  variables  in  succession,  we  have 

dz  ^        dz  ^y 
dx^   ^    dy~  * 

Eliminating  a  and  h  by  substitution  in  the  primitive,  there 
results 

dz  .     dz     dz  dz  ,n\ 

^="'^+y^-5i^ <^^' 

a  partial  differential  equation  of  the  first  order,  but  not  linear. 

Now  this  equation  has  been  formed  by  the  elimination  not 
of  an  arbitrarv  function  but  of  two  arbitrary  constants.  The 
equation  (5)  is  here,  by  way  of  distinction,  called  the  com- 
plete  primitive.  The  epithets  general  and  complete  have  been 
employed  by  Lagrange  to  denote  the  two  kinds  of  generality 
which  arise  from  arbitrary  functions,  and  from  arbitrary  con- 
stants, respectively. 

Ex.  3.  Given  «  =  ^(y  +  cuv)  +  '^(y  —  ax),  where  ^  and  -^ 
are  arbitrary  symbols  of  functionality. 

Proceeding  to  differential  coefficients  of  the  second  order 
we  find 


whence 


d^z 

d^z        J  d^z  ^v 

^='*^ ^>' 


a  partial  differential  equation  of  the  second  order  and  of  the 
first  degree. 

And  this  equation  has  been  formed  by  the  elimination  of 
two  arbitrary  functions  from  the  general  primitive. 
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These  examples  illustrate  the  usual,  and  irhat  may  per- 
haps with  propriety  be  termed  the  primary,  modes  of  genesis 
of  partial  diflferential  equations,  viz.  the  elimination  of  arbi^ 
trary  functions,  and  the  elimination  of  arbitrary  constants. 
It  is  to  be  noted  that  these  modes  are  perfectly  distinct. 
Thus  we  might  in  Ex.  1,  by  specifying  the  form  of  the 
function  ^,  eliminate  the  constants  I  and  m  from  the  primi- 
tive (1),  and  the  derived  equations  (2)  and  (3),  instead  of 
eliminating  the  functional  forms  from  the  two  latter;  but 
the  result  would  differ  in  character,  as  well  as  in  the  mode  of 
its  origin,  from  that  which  has  been  actually  obtained.  We 
must  bear  in  mind  that  when  from  a  primitive  equation  of 
given  form  different  partial  differential  equations  are  derived, 
it  is  owing  to  a  difference  of  assumption  as  to  what  is  to  be 
regarded  as  arbitrary ;  so  that  we  are  not  permitted  to  say 
that  to  the  same  primitive,  considered  in  the  same  sense  of 
generality,  different  partial  differential  equations  l)elong. 

In  Ex.  1,  a  partial  differential  equation  of  the  first  order 
has  been  formed  from  a  general  primitive  containiag  one  arbi- 
trary function,  and  in  Ex.  3  a  partial  differential  equation  of 
the  second  order  has  been  formed  from  a  general  primitive 
containing  two  arbitrary  functions.  These  examples  exhibit 
a  certain  analogy  with  the  genesis  of  ordinary  differential 
equations,  the  order  of  the  equation  being  equal  to  the  num- 
ber of  constants  in  its  primitive.  But  this  analogy  is  not 
generaL    For  let 

be  an  assumed  primitive  containing  two  arbitrary  functions 
(f>  (u),  yft  (v),  where  u  and  v  are  given  functions  of  x,  t/,  z. 
Then  representing  the  first  member  by  F,  regarding  x  and  y 
as  independent  variables,  and  forming  all  possible  derived 
equations  up  to  the  second  order,  we  have 

dx       *    dy       ' 

^-n     J^-ft    ^-o 

dx''^^'     dxdy^^'    df' 

which  with  the  given  equation  make  six  equations.  But  these 
containing  the  six  functions 

4>{u),  t(»),  f  («),  ^'(v),  f  («).  t"W. 

B.  D.  E.  21 


322  PABTIAL  DIFFEBENTIAI4  EQUATIONS,        [CH;  XIV. 

do  not,  in  general/ suffice  to  enable  us  by  tbe  elimination  of 
the  latter,  to  form  a  partial  differential  equation  of  the  second 
prder  Jfree  from  arbitrary  functions. 

We  see  then,  1st,  that  partial  differential  equations  do  not 
arise  from  the  elimination  of  arbitrary  functions  only ;  2ndly« 
that  even  as  respects  this  mode  of  genesis,  no  general  canons 
exist  similar  to  those  which  govern  the  connexion  of  ordinary 
differential  equations  vith  their  primitives.  On  both  these 
grounds  it  will  be  proper,  in  considering  special  classes  of 
equations,  to  examine  their  special  origin  and  to  seek  therein 
the  clue  to  their  solution. 


Solution  of  partial  differential  equations^ 

2.  Before  proceeding  to  general  theories  of  the  solution  of 
partial  differential  equations,  it  maybe  noticed  that  there  are 
some  equations  of  which  the  solution  maybe  directly  reduced 
to  that  of  ordinary  differential  equations. 

This  is  the  case  when  the  partial  differential  coefficients 
have  all  been  formed  with  respect  to  one  only  of  the  variables, 
We  can  then  integrate  as  if  this  were  in  fact  the  only  inde- 
pendent variable,  provided  that  we  finally  introduce  arbitrary 
functions  of  the  other  independent  variables  in  the  place  of 
pjrbitrary  constants, 

dz 
Ex.  1.    Given  a?  +  y  -r-  =  0. 

Multiplying  by  dx,  integrating  with  respect  to  a?,  and 
adding  an  arbitrary  function  of  y,  we  have 

the  solution  required. 

It  is  permitted  in  the  above,  and  in  all  similar  cases,  to 
complete  the  solution  by  adding  an  arbitrary  function  of  y, 
because,  with  reference  to  the  integration  effected,  y  is  con- 
stant ;  and  it  is  necessary  to  add  such  a  complementary  func- 
tion in  order  to  obtain  the  most  general  solution,  because  an 
arbitrary  function  of  one  of  the  variables- is  more  general  than 
an  arbitrary  constant  not  involving  that  variable. 
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Ex.2,     Given- y^-2aj-22f-:2/  =  0. 

This  equation  may  be  expressed  in  the  form 

dz     2        ^     2ic 
dy    y  y 

Involving  no  differential  coeflScient  with  respect  to  x,  it  may 
be  treated  as  a  linear  differential  equation  of  the  first  order 
in  which  y  is  the  independent,  and  z  the  dependent  variable; 
only  instead  of  an  arbitrary  constant  we  must  add  an  arbi- 
trary function  of  x^    The  final  solution  is 

x+y  +  z=y^^(x). 

It  sometimes  happens  that  equations  not  belonging  to  the 
above  class  are  reducible  to  it  by  a  transformation, 

d^z  ' 

Ex.  3,    Given  ^-j-  =  x^  +  y\ 

dz  dw 

Let  -J-  =  tt>,  then  we  have  -^=35^4.  y*,  whence  integrating 

with  respect  to  y,  and  adding  an  arbitrary  function  pf  ar, 

w  =  a5'y  +  |-  +  ^(aj). 

■ 

dz     ...  ' 

Eestoring  to  w  its  value  -r- ,  integrating  with  respect  to  x, 

and  adding  an  arbitrary  function  of  y,  we  have 

Now  <!>  (x)  being  arbitrary,  l<f){x)  dx  is  also  arbitrary,  and 
may  be  represented  by  ^  (^)>  whence 

[See  the  Supplementary  Volvme,  Chapter  xxiv.  Art.  1.] 

21—2 
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Linear  partial  differential  equations  of  the  first  order. 

3.  When  there  are  but  three  variables,  z  dependent,  a;  and 
y  independent,  the  equations  to  be  <x>nsidered  assume  the 
form 

P,  Q,  and  R  being  given  functions  of  a:,  y,  Zy  or  constant 
This  form  we  shall  first  consider. 

dz '        dz 
Usually  the  differential  coeflScients  ^  and  -r-  are  repre- 
sented by  J?  and  q  respectively.    The  equation  thus  becomes 

Pp  +  Qq--B  (1). 

The  mode  of  solution  is  due  to  Lagrange,  and  was  first 
established  by  the  following  considerations. 

Since  «  is  a  function  of  x  and  y,  we  have 

dz=pdx  +  qdy. 

Hence  eliminating  p  between  the  above  and  the  given  equa* 
tion,  we  have 

Tdz  -  Udx  =  q  {Pdy  -  Qdx). 

Suppose  in  the  first  place  that  Pdz  —  Rdx  is  the  exact  differ- 
ential of  a  function  w,  and  Pdy  —  Qdx  the  exact  differential 
of  a  function  v,  then  we  have 

du  =  qdv. 

Now  the  first  member  being  an  exact  differential,  the  second 
must  also  be  such.  This  requires  that  q  should  be  a  function 
of  v,  but  does  not  limit  the  form  of  the  function.  Represent 
it  by  ^'(^)>  *^®^  w®  hai,^Q  du  =  <f>{y)  dv,  whence 

w  =  ^(i;) (2). 

The  functions  wand  i;  are  determined  by  integrating  the 
equations 
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symmetrically  expressible  in  the  form 

dx  ^dy  _  dz  .^. 

lP'"Q~'B ^'^^> 

and  of  which  the  solution,  Chap.  xiii.  Art.  6,  assumes  the 
form. 

w  =  a,    v=r  6 (4), 

o  and  6  being  arbitrary  constants. 

Dismissing  the  particular  hypothesis  above  employed,  La- 
grange then  proves,  that  if  in  any  case  we  can  obtain  two 
integrals  of  the  system  (3)  in  the  forms  (4),  then  w  =  ^  (v)  will 
satisfy  the  partial  diflferential  equation,  in  perfect  indepen- 
dence of  the  form  of  the  function  ^. 

■ 

"We  shall  adopt  a  somewhat  different  course.  We  shall 
first  establish  a  general  Rule  for  the  formation  of  a  partial 
diflferential  equation  whose  primitive  is  of  the  form  w  =  <^  {y\ 
u  and  V  being  given  functions  of  a?,  y,  and  e.  Upon  the  solu- 
tion of  this  direct  problem  we  shall  ground  the  solution  of 
the  inverse  problem  of  ascending  from  the  partial  differential 
equation  to  its  primitive. 

Proposition.  A  primitive  equation  of  the  form  u  =  ^  (v), 
where  u  and  v  are  given- functions  of  x,  y,  ^,  giv&8  rise  to  a 
partial  diffei^ential  equation  ofthefonn 

Pp+Qq^E (5), 

where  P,  Q,  R  are  functions  of  x,  y,  z. 

Before  demonstrating  this  proposition  we  stop  to  observe 
that  the  form  u=i^(v)  is  equivalent  to  the  form 

f(u,  v)  denoting  an  arbitrary  function  of  u  and  v.   For  solving 
the  latter  equation  we  have  w  =  ^  (v). 

It  is  also  equivalent  to 

F{x,y,z,<l>(y)}=0, 

4>  being  an  arbitrary,  but  F2,  definite  functiopal  symbol. 


326     LINEAE  PABTIAL  DIFFERENTIAL  EQUATIONS     [CH.  XTV* 

For  solving  the  latter  equation  with  respect  to  ^  (v)  we 
have  a  result  of  the  form 

iP(v)=^F^(x,  y,z),  or  4>(v)=^u 

on  representing  F^  (a?,  y,  z)  by  u.  Thus  the  proposition 
aflSrmed  amounts  to  this,  viz.  that  any  equation  between  x,  y, 
and  z  which  involves  an  arbitrary  function  will  give  rise  to  a 
linear  partial  dififerential  equation  of  the  first  order. 

Differentiating  the  primitive  w  =  ^  (v),  first  with  respect  to 
X,  secondly  with  respect  to  y,  we  have 

du     du        J, ,  V  fdv  .  dv  \ 


du     du        ,/ ,  V  fdv  ,  dv  \ 


Eliminating  d>  (v)  by  dividing  the  second  equation  by  the 
first,  we  have 

^,du  ^^  ,  ^ 

rfy     dz  ^  di/     dz  ^ 

dAi     du  dv^     dv 

dx     dz^  dx     da^ 

or,  on  clearing  of  fractions, 

(dudv     dudv\        fdudv  ^dudv\ 
\dydz     dz  dy)^     \dz  dx     dxdzj  ^  p 


(6). 


« .  ^dudv     du  dv 

'^  dxdy     dydx 

Now  this  is  a  partial  differential  equation  of  the  form  (5). 
For  u  and  v  being  given  functions  of  a?,  y  and  Zy  the  coefficients 
of  p  and  y,  as  well  as  the  second  member,  are  known.  The 
proposition  is  therefore  proved. 

As  an  illustration,  we  have  in  Ex.  1,  Art.  1,  v  =  a?  — 7^, 
v  =  y  —  mz,  whence 

du  ^^      du  ^^     du , 

5»"   '     dy"^   *     dz"      ' 

dv     f.      do     ^      dv 
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Substituting  these  values  in  (6)  there  results^ 

^  +  mj  =  1, 
which  agrees  with  the  result  before  obtained* 

4.  The  general  equation  (6),  of  which  the  above  theorem 
is  a  direct  consequence,  has  been  established. by  the  direct 
elimination  of  the  arbitrary  function*  But  the  same  result 
may  also  be  established  in  the  following  manner,  which  has 
the  advantage  of  shewing  the  real  nature  of  the  dependence  of 
the  coefficients  P,  Q,  B  upon  the  given  functions  u  and  v, 

[See  a  Note  at  the  end  of  the  volume.] 

Differentiating  the  equation  w  =  ^  (v)  with  respect  to  all  the 
variables,  we  have 


^^+^^i'  +  5^'^'^  =  *'^^K5i^'^+^^^  +  i^^)---('^)' 


du  J,       du 
dx         ay 

and  as  this  equation  is  to  hold  true  independently  of  the  form 
of  the  function  ^  (t?),  and  therefore  of  the  form  of  the  derived 
function  ^'  (y),  we  must  have 


du  y    ,  du  J    ,  du  J       ^ 

ax         ay         az 

dv  y    ,  dv  J      dv  ■:,       ^ 


(8). 


whence  we  find 


dx  _  dp  _  <{g  .^. 

dudv     dudv  "  dudv     dudv  "" du dv      du dv  *"  ^  '' 
dydz'^dzdy     dz  dx     dxdz     dx dy     dy dx 

Introducing  now  the  condition  that  z  is  the  dependent, 
X  and  y  the  independent  variables,  we  have 

pdx  -t  qdy  =  dz. 

To  eliminate  the  differentials,  let  the  terms  of  this  equation 
be  divided  by  the  respectively  equal  members  of  (9),  and  we 
have 


...(10), 
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(du  dv     dudv\        fdu  dv  ^  dii  dv\ 
\dy  dz     dz  dyj  ^     \dz  dx     dx  dzj  ^ 

^dudv     dvrdu 
dxdy     dydx""" 
which  agrees  with  (6).  -^ 

Now  if  in  the  above  general  form  we  represent  as  before  the 
coeflScient  oip  by  P,  that  of  q  by  Q,  and  the  second  member 
by  R,  we  see  from  (9)  that  P,  Q,  B  are  proportional  to  dx, 
dy  and  dz,  in  the  system  (8).  Sut  that  system  is  precisely 
the  same  as  we  should  obtain  by  differentiating  the  equations 

a  and  b  being  arbitrary  constants.  Hence,  the  partial  differ-* 
ential  equation  whosa  complete  primitive  is  u  =  <l>  (v),  maybe 
formed  by  the  foUowing  simple  rule. 

BuLE.  Forming  the  equations  ^  =  a,  v  =  &,  where  a  and  h 
are  arbitrary  constants,  differentiate  tliem,  and  determine  iAe 
ratios  ofdx,  dy,  dz  in  the  form 

dx_^dy_^dz       •  ,--. 

p""q"':k '"'" ^^^^• 

Then  mil  Pp  +  Qq  =  JS  be  the  differential  equation  required. 

Or,  the  Rule  may  more  briefly  be  stated  thus.  Eliminate 
dx,  dy,  dz  between  the  three  equations, 

dM  =  0,    €?t;  =  0,    dz—pdx  —  qdy=0 (12). 

It  is  worth  while  to  notice  that  the  partial  differential  equa- 
tion here  presents  itself,  like  many  other  results  of  analysis, 
in  the  form  of  a  determinant. 

Ex.  The  functional  equation  of  surfaces  of  revolution,  the 
axis  passing  through  the  origin,  is 

fo?  +  my  +  7Wf  =  ^(aj^  +  2/'  +  ;8*); 
their  partial  differential  equation  is  required. 


\ 


/ 


ART.  5.]  OF  THE  FIRST  ORDER.  329 

Here,  proceeding  according  to  the  Kule,  we  have 

Idx  +  mdy  +  ndz  =  0, 

xdx  +  ydy  +  zdz  =  0, 

,  dx  dy  dz 

whence  =  — ^-7-  =  1 . 

mz  —  ny     nx—  Iz     ly  —  mx 

The  partial  differential  equation  therefore  is 

{mz  —  ny)p  +  {nx  ^Iz)  q  =  ly  —  mx. 

[See  the  Supplem^entary  Volume,  Chapter  xxiv.  Art.  2.] 

5.  We  proceed  in  the  second  place  to  apply  the  above 
results  to  the  inverse  problem  of  solution. 

From  what  has  been  said  of  the  origin  of  partial  differential 
equations  of  the  form  Pp-{'Qq==Ii  it  is  evident  that  their 
solution  will  be  effected -by  the  following  rule. 

KULE.     Form  the  system  of  ordinary  differential  eqitations 

dx>    dy     dz  ,-„v 

F^Q^R — ^^''^' 

and  express  their  integrals  in  the  forms  u^a^v^h;  then  will 
the  equation  u  =f{v),  where  f  is  a  symbol  of  arbitrary  function- 
ality, express  the  solution  required. 

For,  setting  out  from  the  assumed  primitive,  u=^f{v),  we 
should,  by  the  application  of  the  previous  and  direct  Rule,  be 
led  to  the  parti^  differential  equation  in  question. 

.  The  difficulty  of  the  process  consisting  therefore  solely  in 
the  integration  of  the  system  of  ordinary  differential  equations 
(13),  is  referred  to  the  methods  of  the  last  Chapter. 

Ex.1.     Given  op -{-yq^nz. 

Here,  the  system  of  ordinary  differential  equations  is 

dx     dy  ^dz 
X       y  ^ nz* 

and  the  variables  therein  are  separated.  The  integral^  may 
obviously  be  expressed  in  the  forms 

.Vj  «  -"  v  • 

X  »         . 


v^ 
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Hence,  the  required  solution  is 

indicating  that  ^  is  a  homogeneous  function  of  x  and  y  of 
the  n*^  degree. 

Ex.  2.     Given  (mz  —  ny) p  +  (nx -'lz)g[  =  ly  —  mx. 
Here  the  system  of  ordinary  diflferential  equations  is 

dx      ^      dy     ^      dz 
*mz  —  ny     fix—  Iz     ly  —  tox  * 

From  thesis  we  readily  deduce 

Idx  +  mdy  +  ndz  =  0,    xdx  +  ydy  +  zdz  =  0, 

« 

the  integrals  of  which  are 

Ix  +  my  +  nz==a,    a?  +  y^  +  :^  =  b, 

the  final  solution  is  their^fore 

Ix  +  my  +  nz^(f){x^'\'j^  +  i*). 

Ex.  3.   Given  (ifw -2x')^  +  (2y' -a?y)^  =  9 (x' - y*) ii. 

This  is  the  partial  differential  equation  on  the  solution  of 
which  would  depend  the  determination  of  the  general  inte- 
grating factor  of  the  equation  {x*y  —  2y^)  dx  +  (^x—2x*)dy=0. 
Chap.  IV.  Art.  3. 

The  system  of  ordinary  differential  equations  is 
dx      _       dy      _         dfjb 

y'x -  2^* ~  2/-  a;V~  9  («*-/)/* 

The  first  equation  of  the  system  is 

(a?y  -  2y*)  (Za?  +  (y'a?  -  2a?*)  dy  =  0, 
and  of  this  the  complete  solution  is 

X     y 


(^)* 
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We  may  also  deduce  from  (a) 

^1+^  =  0, 
of  which  the  complete  primitive  is 

8    8  / 

Hence  the  solution  of  the  partial  differential  equation  is 

and  this  agrees  with  the  result  obtained  by  other  considera- 
tions in  the  Chapter  referred  to. 

We  may  note  that  in  this,  as  in  all  similar  cases,  the  differ- 
ential equation  t^hose  integrating  factor  is  sought,  presents 
itself  as  one  of  the  equations  of  the  system  on  whose  solution 
the  complete  determination  of  the  factor  rests. 

To  complete  the  theory  of  the  linear  partial  differential 
equation  Pp  +  Qgr  =  ^  it  ought  to  be  shewn  that  the  solu- 
tion u  =f(v),  or  as  it  may  be  expressed, 

2^(1*,^)  =0.... (14), 

includes  every  possible  solution. 

Let  X  {^y  y>  ^)  =  0,  or  for  simplicity  %  =  0,  represent  any 
partictdar  solution.     Differentiating,  we  have 

and  substituting  the  values  of  p  and  j  hence  derived  in  the 
given  equation 

dx        ay        az 

Similar  equations  being  obtained  from  the  particular  in* 
tegrals  t^  =  a,  v  =  6,  we  have,  on  eliminating  P,  Q,  -B, 


dx  /^^  dv  ^du  dv\     dx  fdu  dv^du  dv\ 
dx  \dy  dz     dz  dy)     dy  \dz  dx     dx  dzj 


^  fdu  dv  ^du  dv\  ^  ^  .-  ^v 

dz\dxdy     dydxj"     ^    '* 
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Now  suppose  the  forms  of  u  and  v  to  be 

tt  =:  ^ (a?, y,  «),     v^f{x,y,z) (16), 

if)  (x,  y,  z)  and  -^  (a?,  y,  z)  being  given  functions.  From  these 
two  equations  some  two  of  the  quantities  a:,  y,  z  may  be  de- 
termined as  functions  of  the  other  and  of  u  and  v.  Suppose 
X  and  y  thus  determined  as  functions  of  z^  u,  and  v ;  then  by 
substitution  ;^  (x,  y,  z)  becomes  a  function  of  Zy  u,  and  v,  and 
we  may  write 

Hence  we  find 

dx      du  dx      dv  dx' 

dx^d^du^dxydv 
dy      du  dy      dv  dy* 

dx_dx,du     d2C,dv     dx, 
dz^  dudz'^  dv  dz'^  dz' 

Substituting  these  in  (15)  and  reducing,  we  have 


dxi  (du  dv  ^  du  dv\  _  ^  r,,_v 

dz\dxdy     dydxj'^     ^ 


But,  were  the  second  factor  of  the  first  member  equal  to  0, 
u  would  he.B,  definite  function  of  v  and  z  (Chap.  II.  Aiii.  1)  and 
the  equations  (16)  could  not  determine  x  and  y  as  by  hypothesis 

they  do.    "We  have  then  ~j^  ==  0,  whence  Xi  ^^^  ^o*  involve 

z.     Thus,  X  being  expressible  as  a  function  of  u  and  v,  the 
equation  p^  =  0  is  included  in  the  general  form  (14). 

[See  the  Supplementary  Volume,  Chapter  xxiv.  Art.  3.] 

6.  The  above  theory  may  be  obviously  extended  to  partial 
diflferential  equations  of  the  first  order  and  degree  involving 
any  number  of  variables. 
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Let  a?j,  a?j  ...ir»  represent  the  independent  variables  and  z 
the  dependent  variable*  Let  moreover  the  primitive  func- 
tional equation  be  expressed  in  the  form 

w  =  <^(t;,,v,..-0 (18), 

where  w,  Vj,  t?,  ...  f^^^  are  known  functions  of  the  variables. 

Diflferentiating  with  respect  to  all  the  variables,  and  for 
brevity  representing  ^  (Vj,  v, ...  v^^  by  ^,  we  have 

dt^     *     dv^     *         dv^^^     ""* 

But  ^  being  an  arbitrary  function  of  the  quantities  v^, 
Vj ...  v^j,  it  is  evident  that  the  supposition  that  the  above 
equation  is  generally  true  involves  the  supposition  that  the 
system  of  equations 

r 

du  —  0,  dv^  —  6,  <?t7j=  0, ...  dv^^  —  Oy 
is  true,  a  system  of  which  the  developed  form  is  . 


(19). 


du  ^  ,  du  y         du  J       ^ 

■J-  da!....+-^da^+-j-dzt=zO^ 
dx^      ^         dx^     *     dz 

dx^      ^         dx^      *     dz 
d%  i  J         .  dv^.  J     .  dv^  ^  ,       ^ 

Now  this  system  may  be  converted  into  an  equivalent  sys- 
tem determining  the  ratiaa  of  the  differentials  da?^,  da?,...  dx^, 
dz,  in  the  form 

^i"^'"""^^^  ^     ^' 

where  P^,  P^.,.P^  and  It  are  functions  of  the  variables  or  are 
constants. 

Latroducing  the  condition  that  z  is  to  be  regarded  as  a 
function  of  x^,  x^,...x^,  we  have 

Pidx^+p^dx^...+pjh^^dz (21), 
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where  p^,  p^  •"Pn  ^®  ^^^  several  first  differential  coefficients 
of  z.  And  now  eliminating  the  differentials  da?^,  dx^..^dx^dz 
from  (20)  and  (21)  by  division,  we  have 

PtPx+P,Pf"+P,V,=R (22), 

for  the  partial  differential  equation  sought. 

Conversely,  to  integrate  the  above  equation  it  is  only  neces- 
sary to  form  and  to  integrate  the  system  (20),  Representing 
the  integrals  of  that  system  in  the  forms 

the  final  solution,  will  be 

w  =  ^(t;„t7„...t?^,>. (23). 

This  solution  may  also  be  put  in  the  forqj 

.  ^{w,5,v.,...v„:J  =  0 (24). 

Ex.    (y  +  «  +  ^)^+(^  +  a.  +  ^)^+(a;  +  y+*)g=a?+y+.. 

Lagrange,  M^moires  de  CAcad^mie  Boyale  de  Berlin,  1779, 
p.  152, 

Here  the  auxiliary  system  of  equations  is 

dx      ^      dy      _^       dz       ^       dt     ' 
y  +  z  +  t     «  +  fl?  +  ^     aj  +  y +  *'"a?  +  y  +  «* 

which  is  reducible  to  the  form 

dt  —  dx^dt'~dy^dt'-dz^dic-\-dy-\-dz-\-  dt 
x  —  t'^y  —  t^Z'-t''  S^x+y  +  z  +  t)  ' 

each  term  being  now  an  exact  differential.  The  system  of 
integrals  will  evidently  be 


_?1 ^9       _        ^H 


^(x+y+z  +  t)K 


a— t     y—t     z—t 
Or,  representing  the  function  x  +  y-^-z  +  thj  8, 

AJH«-^)=c„    iS*(y-0-<^..    SJ(«-0-^.- 
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Whence  the  complete  integral  syminetrically  exhibited 
will  be 

The  solution  of  all  partial  differential  equations  of  the  form 

where  Xj,  Xj,...  X^  and  Z  are  any  linear  functions  of  the 
variables  aj^,  0?^,...  a?^,  «,  may  be  completely  effected. 

For  it  depends  on  the  solution  of  the  system  of  ordinary 
differential  equations 

dx^  _  doc^      _  dx^  _  dz 

which  has  been  fully  discussed  in  Chap.  xiii. 

Hesse  has  integrated  the  still  more  general  equation  which, 
according  to  the  above  notation,  would  present  itself  in  the 
form 

^  dz  dz        ,  TT   ^^ 


,   ^     (     dz   ,        dz        ,        d^      \ 


'n+8» 


where  X, ,  X„ . . .  X^j  are  any  linear  functions  of  the  variables. 
(Crelle,  Tom.  xxv.  p.  171.) 

[See  the  Supplementary  Yolume^  Chapter  xxiy.  Arts.  4. .  .7.] 

Non-linear  equations  of  ike  first  order  with  three  variables, 

7.  Partial  differential  equations  of  the  first  order  with 
two  independent  variables  x,  y,  and  one  dependent  variable  z, 
have  for  their  typical  form 

F(?o>  y>  «>Py  ?)  =  0 (!)• 

Those  which  are  linear  with  respect  to  p  and  q,  we  have 
considered  apart.    Those  which  are  nonlinear  we  proceed  to 
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consider.  The  genesis  of  an  equation  of  this  class  from  a  com- 
plete primitive  involving  two  arbitrary  constants  has  beea 
illustrated  in  Ex.  2,  Art.  1 ;  and  the  mode  is  general  From 
a  given  primitive,  involving  x,  y,  z  with  two  arbitrary  con- 
stants,  and  from  its  two  derived  equations  of  the  first  order 
formed  by  differentiating  with  respect  to  x  and  y  respectively, 
it  is  possible  to  eliminate  both  the  constants.  The  result  is  a 
partial  differential  equation  of  the  first  order.  Conversely  the 
integration  of  such  an  equation  consists  mainly  in  the  discovery 
of  its  complete  primitive — ^not  that  this  is  its  only  form  of 
solution,  but  because  out  of  it  all  other  forms  may  be  de- 
velopecL  From  the  complete  primitive  iayolving  Lbitiary 
constants  arise,  Ist,  the  general  primitive  involving  arbitrary 
functions;  2ndly,  the  singular  solution.  The  terminology  of 
Lagrange  is  here  adopted.    {Galcul  des  Fonctions,  Lefon  XX.) 

To  deduce  Ihe  complete  primitive  of  a  partial  differential 
equation  of  the  form  F  (a:,  y ,  z,  p,  q)=0. 

The  existence  of  a  primitive  relation  between  x,  y,  z  in- 
volves the  supposition  that  the  equation 

dz^pdx  +  qdy (2), 

should  satisfy  the  condition  of  integrability, 

(D=(l) (^'' 

where  (-j-j  represents  the  differential  coefficient  of  p  with 


respect  to  y  on  the  assumption  that  p  is  expressed  as  a  func* 


tion  of  X  and  y,  and  l-r^j  the  differential  coefficient  of  q  With 

respect  to  x,  on  a  similar  assumption  as  to  the  expression  of;. 
Now  regarding  p  for  the  sake  of  greater  generality  as  a 
function  of  x,  y,  z^  z  being  at  the  sitme  time  an  unknown 
function  of  x  and  y,  we  have 


/dp\  ^dp  dpdz 

\dy)     dy  dz  dy 

_dp  dp 

"dy  ^dz* 
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Again,  suppose  that  by  means  of  the  given  diflTerential 
equation,  q  may  be  expressed  as  a  function  of  a:,  y,  z,  p.  Re- 
garding in  such  expression  £;  as  a  function  of  x,  y,  and  ^  as  a 
function  of  x,  y,  and  z,  we  have 

/dq\  _  ^  ,  ^  ^  ,  ^7  fdp     dp  dz\ 
\dxJ     dx     dz  dx     dp  \dx     dz  dx)  * 

dx     dz^    dpdx     dp  dz ^' 
Substituting  these  values  in  (3),  we  have  on  transposition 

^pf  +  p+L-pf)^=.^+/ji (4). 

dp  dx     dy      y-    ^  dp/  dz     dx    "^  dz  ^  ^ 

Now  the.coefl&cients  ""  ;7   >  J  ""  P  j^  >  ^'^d  the  second  member 

-y^-^p-^  being  known  functions  of  a?,  y,  z,  p,  since  q  as 

determined  by  the  given  equation  is  such,  the  above  presents 
itself  as  a  linear  partial  differential  equation  of  the  first  order 
in  which  p  is  the  dependent  and  x,  y,  z  the  independent 
variables. 

Applying  therefore  Lagrange's  process,  Art.  6,  we  have 
the  auxiliary  system 

dx        y  dz  dp  /..v 

z^/'^^^'~r^^wfii ^^^' 

dp  ^    ^  dp     dx     ^  dz 

and  this,  it  is  to  be  observed,  is  a  system  of  ordinary  differen- 
tial equations  between  Xy  y,  z,  and  p.  It  may  further  be 
noted  that  while  it  has  been  formed  in  order  to  secure  the 
integrability  of  the  equation  dz  ^pdx  +  qdyy  it  also  includes 
that  equation.     For  it  gives 

dz=i^-p-^dy-:^pdx  +  qdyy 

since  by  the  equation  of  the  first  and  second  members 

^■-r^dy  =  dx, 

c 

B.  D.  B,  22 
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• 

Accordingly  if  from  the  system  (5)  we  can  deduce  a  value 
o{p  involving  an  arbitrary  constant^  that  value  together  with 
the  corresponding  value  of  q  drawn  from  the  given  equation 
will  render  the  equation  dz  =^pdx  +  qdy  integrable.  EflFecting 
the  integration  we  shall  obtain  an  equation  between  Xy  y,  z 
and  two  arbitrary  constants  which  will  constitute  a  complete 
primitive. 

We  say  a  aud  not  thz  complete  primitive,  because  the  sys- 
tem (5)  may  furnish  more  than  one  value  of  'p  involving  an 
arbitrary  constant,  and  so  give  occasion  to  deduce  more  than 
one  complete  primitive.  Lagrange  had  indeed  proposed  to 
employ  the  general  value  of  p  involving  arbitrary  functions, 
furnished  by  the  solution  of  the  partial  differential  equation 
(4).  The  sufficiency  of  a  value  involving  only  an  arbitrary 
constant  was  remarked  by  Charpit  and  subsequently  recog- 
nised by  Lagrange. 

The  practical  rule  for  the  discovery  of  a  complete  primitive 
of  the  equation  F(x,  y,  z,p,  j)  =  0  is  therefore  the  following. 
Express  q  in  terms  of  x,  y,  z,  p.  Svbstitute  this  value  in  the 
auxiliary  system  (5),  and  deduce  by  integration  a  value  ofp 
involving  an  arbitrary  constant  Substitute  that  value  of  p 
with  the  corresponding  value  ofq  in  the  equation  dz  =pdx  +  qdy, 
also  included  in  the  auxiliary  system  (5),  and  again  integrate. 

Ex.  1.  Required  a  complete  primitive  of  the  equation 
z^pq. 

Substituting  -  for  q,  the  system  (5)  becomes 

p^dx     J      pdz      , 

The   equation  dp^dy  gives  p^y  +  a,  whence  q  =  -—  . 

Therefore  dz^{v'\-  dSdx^ dy, 

y  +  a 

of  which  the  integral  is 

-2^  =  (y  +  a)(^+J) ...(6), 

a  and  5  being  arbitrary  constants.  •  This  then  is  a  complete 
primitive. 
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JuDiother  will  be  found  by  employing  the  equation 

integrating  which,  we  have 

P  =  cz\  2  =  -, 

whence  dz=^cs^dx-\ — dy. 

Integrating,  we  find 

2^2  sa  ca?  +  -  y  +  e, 

0 

or  «« 5 (7), 

e  being  a  new  arbitrary  constant.  It  will  be  found  on  trial 
that  both  (6)  and  (7)  satisfy  the  equation  z  =pg[* 

8.  Prop.  Given  a  complete  primitive  of  a  partial  differ^ 
ential  equation  of  the  first  order,  to  dedv^e  the  general  primi- 
tive and  the  singular  solution. 

Expressing  the  complete  primitive  in  the  form 

•s^=/(^>y/«>i5>).... (8), 

a  and  h  being  its  arbitrary  constants,  the  partial  diflferential 
equation  is  itself  obtained  by  eliminating  a  and  h  between  the 
above  equation  and  the  derived  equations 

_  df{x,  y,  g,  I)        _  df{x,  y,  a,  I) 
^''         dx         '  ^^         dy         ' 

or,  as  we  may  for  brevity  write, 

*=£■  5=1 w- . 

Now  reasoning  as  in  Chap.  VIII.,  the  effect  of  the  elimination 
will  \q  the  same  if  a  and  6,  instead  of  being  constants,  are 

22—2 
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made  functions  of  x  and  y,  so  determined  as  to  preserve  to  the 
equations  (9)  their  actual  form.  But  a  and  6  being  made 
variable,  we  have 

«  =  ^+^^  +  ^^ 
^      dx     dadx     dbdx* 

^     dy     da  dy     db  dy  * 
Hence  the  equations  for  determining  a  and  h  are 

^da^dfdb^^ no) 

dadx     db  dx  '  *         '"^    ^' 

^^^^^^0 fll) 

da  dy     dbdy       * ^    '* 

Now  this  system  may  be  satisfied  in  two  distinct  ways, 
1st  by  assuming 

l=«-  |-« w 

The  values  of  a  and  b  hence  found  lead,  on  substitution  in 
the  complete  primitive,  to  that  solution  which  Lagrange  terms 
singular. 

2ndly,  Supposing  ^  and  ^  not  to  vanish,  we  have,  on 
elimination  of  them  from  (10),  (11), 

dadb  ^dadb  ^^  .-«s 

dxdy     dy  dx"    ^    ^' 

Now  this  supposes  either,  1st,  that  a  and  b  are  constant,  which 
leads  us  back  to  the  complete  primitive ;  or,  2ndly,  that  b  is 
an  arbitrary  function  of  a.  Chap.  Ii.  Art.  1.  Again,  multi- 
plying (10)  by  cte  and  (11)  by  dy,  and  adding,  we  have 


i^+%^=^ ••••• (^*)- 
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Thus  the  system  (10),  (11)  is  now  replaced  by  the  system 
(13).  (14). 

Making  then,  in  accordance  with  (13),  6  =  ^  (a),  the  expres- 
sion for  z  in  (8)  becomes 

while  (14)  becomes 

^/^  y,  «,  ^  Wl  =  0. 

And  these  together  constitute  what  Lagrange  terms  the  gene^ 
ral  primitive.  To  apply  them  it  is  only  necessary  to  give  a 
particular  form  to  ^  (a),  and  then  eliminate  a.  Hence  the 
following  theorem. 

Theorem.  A  complete  primitive  of  a  partial  differential 
equation  of  the  first  order  being  expressed  %n  the  form 

«=/(^>  y^ «»  ^) (15), 

the  general  primitive  mil  be  obtained  by  eliminating  a  between 
the  equations 

Q^df{x,y,a,4>{a)]\ (16), 

da  J 

the  singular  solution,  by  eliminating  a  and  b  between  (15)  and 
the  equations 

df(x,  y,  ci,b)^Q      df(x,y,a,b)^^ .^j. 

da  '  db  

It  will  be  observed  that  the  process  for  obtaining  the  general 
primitive  is  virtually  equivalent  to  that  by  which  we  should 
seek  the  envelope  of  the  surfaces  defined  by  the  corresponding 
complete  primitive,  the  constants  a  and  b  being  treated  as 
variable  parameters  connected  by  an  arbitrary  relation,  while 
the  process  for  obtaining  the  singular  solution  is  that  by 
which  we  should  seek  the  envelope  of  (15),  supposing  a  and 
6  to  be  independent  parameters. 
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Thus,  of  the  system  of  solutions  which  consists  of  a  complete 
primitive,  a  general  primitive,  and  a  singular  solution,  the 
complete  primitive  must  be  regarded  as  forming  the  basis, 
and  the  system  itself  geometrically  interpreted  includes  the 
surfaces  represented  by  the  complete  primitive  together  with 
the  whole  of  their  possible  envelopes. 

Ex.  To  deduce  the  general  primitive  and  singular  solution 
of  the  equation  z  =  pq. 

A  complete  primitive  being 

«-(y  +  o)(a?  +  i) (a), 

the  corresponding  general  primitive  will  be  expressed  by  the 
system 

0  =  a?  +  ^(a)  +  (y  +  a)f(a)J  ^  ^' 

from  which  a  must  be  eliminated  when  the  form  of  j>  (a)  is 
assigned.    Another  form  of  the  complete  primitive  being 

^^—l — W' 


the  corresponding  form  of  the  general  primitive  will  be 


^    0  =  ^-|  +  t'(o)    j 


(4 


from  which  c  must  be  eliminated  when  the  form  of  -^  (c)  is 
assigned. 

To  deduce  the  singular  solution^  we  have  &om  (a), 

da 

dz  ^ 
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Hence,  6  =  —  oj,  a^  —  y  which,  substituted  in  (a),  gives 
2!  =  0,  a  singular  solution.  The  same  result  is  deducible 
from  (c). 

9.  In  the  last  example,  two  complete  primitives,  two  cor- 
responding forms  of  general  primitive,  and  one  common  form, 
of  singular  solution  are  presented.  Two  systems  of  solution 
appear,  and  the  question  arises :  Does  either  system  suffice 
alone  ?    The  answer  is  given  in  the  followiDg  theorem. 

Theorem.  AU  possible  solutions  of  a  partial  differential 
equation  of  the  first  order,  are  virtually  contained  in  the  system 
consisting  of  a  single  complete  primitive^  with  the  derived  gene- 
ral primitive  and  singular  solution. 

As  before,  we  shall  represent  the  proposed  differential 
equation  and  its  given  complete  primitive  in  the  forms, 

F{x,y,z,p,q)=0 (18), 

^=/(^,y,.a,6) (19). 

We  shall  also  represent  the  form, 

^•=x(^>y) (20). 

some  sglution  of  (18),  of  which  nothing  more  is  known  than 
that  it  w  a  solution.  We  are  to  shew  that  such  solution  is 
included  in  the  system  of  solutions  of  which  the  common 
primitive  (19)  constitutes  the  basis. 

If  we  represent  for  brevity  the  values  of  z  in  (19)  and  (20) 
by /and  x  respectively,  we  shall  have,  since  both  are  solu- 
tions of  (18), 

From  the  form  of  the  above  equations  it  appears  that  if 
a  and  6  are  so  determined  as  to  satisfy  two  of  the  conditions, 

/=Y   ^  =  ^X     ^  =  ^ (23), 
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they  will  satisfy  the  thiri     For  suppose  they  satisfy  the  first 
two,  then  the  system  (21),  (22)  may  be  expressed  in  the  form 

in  which  the  truth  of  the  third  equation  of  (23)  is  involved. 

Now,  as  (19)  satisfies  (18)  whatever  constant  values  we 
assign  to  a  and  6,  it  still  will  do  so  if,  after  the  differentiations 

by  which  -~  and  -^  are  found,  W6  substitute  for  a  and  i 

any  functions  of  x  and  y. 

But  a  and  h  can  be  determined  so  as  to  satisfy  two  con- 
ditions. Hence  they  can  be  determined  so  as  to  satisfy  the 
system  (23).  Differentiating  the  equation/=  ^  on  the  hypo- 
thesis that  a  and  6  are  functions  so  determined,  we  have 

dx     da  dic     dbdx     dx* 

dy    dady     dbdy     dy* 

Here,  -J- ,  -p  have  the  same  values  as  in  (23),  being  ob- 
tained by  differentiating  as  if  a  and  b  were  constant.  Hence, 
reducing  by  (23),  we  have 


dadx     dbdx         I  .    . 

dady     dbdy        J 


But  these  are  the  equations  (10),  (11),  Art.  8,  by  which  the 
system  of  solutions  founded  upon  th^  complete  primitive  is 
constructed. 

The  argument  then  is  briefly  this.  It  z  =  x  (^>  V)  ^^  * 
solution  of  the  given  partial  differential  equation,  it  is  possible 
to  determine  a  and  b  in  the  given  complete  primitive  so  as 
to  satisfy  the  equations  (23) ;  therefore  so  as  to  satisfy  the 
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equations  (25);  therefore  so  as  to  indicate  a  necessary  in- 
elusion  oi  z  —  x  {^>  y)  ^^  the  system  which  is  founded  upon 
the  given  complete  primitive. 

Cor.  1.  Hence  the  connexion  of  a  given  soUition  with  a 
given  complete  primitive  may  be  determined  in  the  following 
manner.  Adopting  the  foregoing  notation,  determine  the 
values  of  a  and  h  which  satisfy  the  system  (23).  If  those 
values  are  constant,  the  solution  is  a  particular  case  of  the 
complete  primitive ;  if  they  are  variable,  but  so  that  the  one 
is  a  function  of  the  other,  the  solution  is  a  particular  case  of 
the  general  primitive ;  if  they  are  variable  and  unconnected 
it  is  a  singular  solution. 

Cor.  2.  Hence  also  any  two  systems  of  solutions  founded 
upon  distinct  complete  primitives  are  equivalent.  For  each 
is  virtually  composed  of  all  possible  particular  solutions. 

Ex,    The  equation  .z=^pq,  has  for  its  complete  primitive 

2?  =  (a?  4-  a)  (y  +  6),  and  for  a  particuljar  solution  z  =s^*^  ^      . 

What  is  the  connexion  of  this  solution  with  the  cojnplete 
primitive  ? 

We  have  by  (23), 

These  equations  are  not  independent,  the  first  being  the 
product  of  the  last  two.    Any  two  of  them  give 

whence  6  =  —  a.  Thus,  the  values  of  a  and  h  being  variable, 
but  such  that  6  is  a  function  of  a,  the  proposed  solution  is 
a  particular  case  of  the  general  primitive. 

Some  general  questions,  but  of  minor  importance,  relating 
to  the  functional  connexion  of  different  forms  of  solution,  will 
be  noticed  in  the  Exercises  at  the  end  of  this  Chapter. 
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In  quitting  this  part  of  the  subject,  we  may  observe  that 
there  are  two  modes  in  which  the  questions  it  involves  may 
be  considered.  The  first  consists  in  shewing  that  the  gam 
of  generality,  which  in  Charpit's  process  accrues  in  the  trans- 
ition from  the  complete  to  the  general  primitive,  is  equal  to 
that  which  Lagrange's  original  but  far  more  difficult  process 
secures  by  the  employment  of  the  general  value  of  p  drawn 
from  (4),  instead  of  a  particular  value  drawn  from  its  auxiliary 
system.  The  proof  of  this  equivalence,  as  developed  with 
more  or  less  of  -completeness,  by  Lagrange  and  Poisson 
{Lacroix,  Tom.  Ii.  p.  564,  ill.  p.  705),  and  recently  by  Prof. 
De  Morgan  {Cambridge  Journal,  Vol.  vii.  p.  28),  is,  from  its 
complexity,  unsuitable  to  an  elementary  work.  The  other 
mode  is  that  developed  in  the  foregoing  sections. 


Derivation  of  the  singular  solution  from  the  differential 
equation, 

10.  The  complete  primitive  expresses  z  in  terms  of  a:,  y, 
a,  b.  The  differentid;l  equation  expresses  z  in  terms  of  x,  y, 
p,  q.  Either  is  convertible  into  the  other  by  means  of  the 
two  equations  derived  from  the  complete  primitive  by  differ- 
entiating with  respect  to  x  and  y  respectively.  Hence  it  is 
not  difficult  to  establish  the  two  following  equations, 

dz  d^z       dz  d^z 


dz  _      da  dbdy     db  dady 
dp^  d^z     d^z        d^z 


dadx  dbdy     dady  dbdx 
dz   d^z       dz    dfz 
dz  ^         da  dbdx     db  dadx 
dq  d^z     d^z        cTz     d'z 


dadx  dbdy     dady  dbdx 


(26), 


in  the  first  members  of  which  z  is  supposed  to  be  expressed 
in  terms  of  a?,  y,  p,  q  by  means  of  the  diflFerential  equation, 
in  the  second  members,  in  terms  of  x,  y,  a,  b  by  means  of  the 
complete  primitive. 
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Now  the  singular  solution  is  deduced  from  the  complete 
primitive  by  means  of  the  equations 

S-O'  S=» (^'Ji 

and  it  is  evident  from  the  form  of  (26),  that  this  will  gene- 
rally involve  the  conditions 

%-«'  i=« (2«)- 

Such  then  will  generally  be  the  conditions  for  determining 
the  singular  solution  from  the  differential 'equation. 

The  conditions  (28)  will  not  present  themselves,  should  the 
denominator  of  the  right-hand  members  of  (26)  vanish  identi- 
cally. But  it  may  be  shewn  that  in  this  case  the  conditions 
(27)  do  not  lead  to  a  singular  solution.  And  analogy  renders 
it  probable  that  whenever  the  conditions  (28)  are  satisfied  the 
result,  if  it  be  a  solution  at  all,  will  be  a  singular  solution. 
The  complete  investigation  of  this  point,  however,  would  in- 
volve inquiries  similar  to  those  of  Chapter  Vill. 

The  Rule  indicated  is  then  to  eliminate  p  and  qfrom  the 
differential  equation  by  means  of  the  equations  (28)  thence  de* 
rived. 

[See  the  Supplementary  Volume,  Chapter  xxiv.  Art.  8.] 

11.  The  following  geometrical  applications  are  intended 
to  illustrate  the  preceding  sections. 

Ex.  1.  Required  to  determine  the  general  equation  of  the 
family  of  surfaces  in  which  the  length  of  that  portion  of  the 
normal  which  is  intercepted  between  the  surface  and  the 
plane  x,  y,  is  constant  and  equal  to  unity. 

As  the  length  of  the  intercept  above  described  in  any  sur- 
face  is  i5  (1  +p*  +  ^)\  we  have  to  solve  the  equation 

«'(l+y  +  2')  =  l (a). 

Hence  q  =  (z^  —  1  —  p^^, and  the  auxiliary  system  (5),  Art.  7, 
becomes,  on  substitution  and  division  by  (sT^  —  1  —p^K 

dx  ^  dy         _     ^^    _     ^^P  (v\ 

7""(2j-*-i-p»)i"«*'-i     y ^'  , 
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From  the  last  two  members  we  have  on  integration 

^  z     . 

,    Substituting  this,  with  the  corresponding  value  of  j  derived 
from  (a),  in  the  equation  dz  ^pdx  +  qdy  we  have 

z  z 

mtegratiog  which  in  the  usual  way,  we  find 

(1  -  2»)i  =  -  ca;  -  (1  -  c»)iy  -  c', 
or,  changing  the  signs  of  c  and  c', 

<l-^')i  =  ca:-(l-c»)*y  +  c (c), 

which  is  a  complete  primitive.     The  corresponding  form  of 
the  general  primitive  will  be 

from  which  c  must  be  eliminated. 

But  another  system  of  solutions  exists ;  for  from  the  first, 
thirds  and  fourth  members  of  (&)  we  may  deduce 

pdz  +  zdp  +  dla?  =  0, 

whence  p^  +4;  =  a,  from  which,  and  from  the  given  equation 
determining  p  and  y,  we  have  to  integrate 

The  result  is 

(a!-a)»+(y-5)'  +  ««  =  l (e). 

a  complete  primitive.  The  corresponding  general  primitive  i« 

(a,_a)'+{y-t(a)r+^-ll  •        ,.. 

»  -  a  +  {y  -  "f  («)}  t'(o)  =oJ ; • ^  '• 
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To  deduce  the  singular  solution  from  the  differential  equa- 
tion (a)  we  have 

whence  p  =  0,  j  =  0 ;  substituting  which  in  (a)  we  find 

The  ahove  example  illustrates  the  importance  of  obtaining, 
if  possible,  a  choice  of  forms  of  the  complete  primitives.  The 
second,  of  those  above  obtained,  leads  to  the  more  interpret- 
able  results.  It  represents  a  sphere  whose  radius  is  unity  and 
whose  centre  is  in  the  plane  x,  y,  while  the  derived  general 
primitive  represents  the  tubular  surface  generated  by  that 
sphere  moving  but  not  ceasing  to  obey  the  same  conditions. 
The  singular  solution  represents  the  two  planes  between  which 
the  motion  would  be  confined.  All  these  surfaces  evidently 
satisfy  the  conditions  of  the  problem. 

Ex.  2.  Required  to  determine  a  system  of  surfaces  such 
that  the  area  of  any  portion  shall  be  in  a  constant  ratio 
(w  :  1)  to  the  area  of  its  projection  on  the  plane  £cy. 

The  differential  .equation  is  evidently 

l+i>*+g*  =  w', 

and  it  will  readily  be  found  that  it  has  only  one  complete 
primitive,  viz. 

;sr  =  cw:  +  V(^'  —  a*  —  1)  y  +  6, 
Thus  the  general  primitive  is 

z=^ax  +  tj{rrj?  —  a*  —  1)  y  +  ^  (a), 

a 


0  =  a?- 


VR:=^7:ri)y  +  f(«); 


and  this  represents  various  systems  of  cones  and  other  develop- 
able surfaces. 
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.  Similar  but  more  interesting  applications  may  be  drawn 
from  the  problem  of  the  determination  of  equally  attracting 
surfaces. 

12.  Attention  has  already  been  directed  to  the  different 
forms  in  which  the  solution  of  a  non-linear  equation  may 
sometimes  be  presented.  It  may  be  added  that  linear  equa- 
tions admit  generally  of  a  duplex  form  of  solution.  The  ordi- 
nary  method  gives  directly  the  equation  of  the  system  of 
surfaces  which  they  represent ;  Charpit's  method  leads  to  a 
form  of  solution  which  exhibits  rather  the  mode  of  their 
genesis. 

Ex.  Lagrange's  method  presents  the  solution  of  the  equa- 
tion 

(mz  —  ny)  p -{•  {nx^lz)q  =  li/''mx (a), 

in  the  form 

lx  +  my-\'nz=^<l>{a?+j^-{-j^) (6), 

the  known  equation  of  surfaces  of  revolution  whose  axes  pass 
through  the  origin  of  co-ordinates. 

Charpit's  method  presents  as  the  complete  primitive  of  (a) 

{x-ctf+{i/-cmy+{z-cny^r' (c), 

c  and  r  being  arbitrary  constants.  This  is  the  equation  of 
the  generating  sphere.  The  general  primitive  represents  its 
system  of  possible  envelopes. 

These  solutions  are  manifestly  equivalent. 

Symmetrical  and  m^ore  general  solution  of  partial  differential 
equations  of  the  first  order, 

13.  The  method  of  Charpit  labours  under  two  defects. 
1st,  It  supposes  that  from  the  given  equation  q  can  be  ex- 
pressed as  a  function  of  x,  y,z,p;  2ndly,  It  throws  little  light 
of  analogy  on  the  solution  of  equations  involving  more  than 
two  independent  variables — a  subject  of  fundamental  import- 
ance in  connexion  with  the  highest  class  of  researches  on 
Theoretical  Djmamics.    We  propose  to  supply  these  defects. 


f 
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It  will  have  been  noted  that  Charpit's  method  consists  in 
determining  p  and  j  as  functions  of  x,  y,  z,  which  render  the 
equation  dz  =pdx  +  qdy  integrable.  This  determination  pre- 
supposes the  existence  of  two  algebraic  equations  between 
a?,  y,  z,  p,  q;  viz.  1st,  the  equation  given,  2ndly,  an  equation 
obtained  by  integration  and  involving  an  arbitrary  constant. 
Let  us  represent  these  equations  by 

F{x,y,z,p,q)  =  0,    ^  {x,y,  z,  p,  q)  =  a...(29), 

respectively.  And  let  us  Jaow  endeavour  to  obtain  in  a  general 
manner  the  relation  between  the  functions  -Fand  ^. 

Simply  diflFerentiating  with  respect  to  a?,  y,  z,  p,  q,  and  re- 
presentmg  ^  by  X,  -^byZ,  ;^  by  P,  ^byP,&c. 
we  have  Xdx  +  Ydy  +  Zdz  -\-  Fdp  +  Qdq  =  0, 

X'dx  +  Y'dy  +  Z'dz  +  Fdp  +  Q'dq  =  0; 
or,  substituting pcic  +  qdy  for  dz, 

{X+pZ)dx-\'{Y-\'qZ)dy'\-Pdp'^Qdq=^0,...{ZO\ 
{X'-^pZ')dx^'{Y-VqZ)dy'\-Pdp-{-qdq=-0....{2\). 

,   _  .       i.     1       •!    d^^       d^^        1  d^^    T 

But,  representmg  for  brevity  -r-^ ,    -j-j-  and  — ^ ,  by  r,  «,  ^, 

respectively,  we  have 

dp-^rdx-^sdy^  

dq  =  sdx  +  tdy )  '"^ 

Substituting  these  values  in  (31)  we  have 

{X'+pZ'+  rF  +  sQ")  dx^{T^qZ^sF  +  tQ')  dy^O, 

which,  since  dx  and  dy  are  independent,  can  only  be  satisfied 
by  separately  equating  to  0  their  coefficients.  These  furnish 
th^n  the  two  equations 
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Now  these  equations  are  of  the  same  form  as  (32).  They 
establish  the  same  relations  between  the  functions 

^{r+pZ'),  -{Y'  +  qZ'lF.  Q', (34). 

as  (32)  does  between  the  diflferentials  dp,  dq,  dx,  dy. 

It  follows  that  if  we  give  to  Ax  and  dy,  which  are  arbitrary, 
the  ratio  of  the  last  two  of  the  functions  (34)  then  will  dp  and 
dq  have  the  ratio  of  the  first  two,  so  that  the  following  will  be 
a  consistent  scheme  of  relations,  viz, 

dx  ^  dy  ^          dp       ^          d.q  ,^  »s 

F^'^"^  X'^pZ'        Y+qZ' ^^""^^ 

Now  dividing  the  successive  terms  of  (30)  by  the  successive 
members  of  (35)  we  have 

{x^rpZ) P'+  ( r+  qZ)  g-p (x  +pZ') 

-g(r+jZ')  =  o (36). 

This  is  the  relation  sought.  It  might  be  obtained  by  direct 
elimination  by  multiplying  the  equations  of  (33)  by  P  and  Q 
respectively,  and  the  corresponding  equations  derived  from 
(30)  by  P  and  Q  respectively,  and  subtracting  the  sum  of 
the  former  from  the  sum  of  the  latter. 

It  is  obvious  too,  and  the  remark  is  important,  that  we 
might  pass  directly  from  (30)  to  (36)  by  substituting  for  dx, 
dt/y  dp,  dq,  the  functions  of  (34),  and  that  this  substitution 
is  justified  by  the  identity  of  relations  established  in  (32) 
and  (33). 

If  in  (36)  we  substitute  for  X,  F,  &c.  their  values,  and 
transpose  the  second  and  third  terms,  we  have 

/dF        ^^^_/^.      4*\^j./'^+     ^'\^ 
\dx     -^  dzj  dp      \dx     ^  dz  J  dp      \dy      ^  dz  J  dq 


fd^  .      d^\dF     ^  ,^^ 


dy      ^  dz  J  dq 

Such  is  the  relation  which  connects  the  functions  -Fand  $. 
When  F  is  given  it  assumes  the  form  of  a  linear  partial  differ- 
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ential  equation  of  the  first  order  for  determiniDg  ^.  If  from 
its  auxiliary  system  we  can  deduce  any  integral  involving  an 
arbitrary  constant,  and  such  that  in  conjunction  with  the 
given  equation  it  enables  us  to  determine  p  and  q  as  functions 
of  x,y,  z,  the  subsequent  integration  of  dz=^pdx  +  qdy  will 
lead  to  a  form  of  the  complete  primitive. 

14.  Analogy  now  points  out  the  method  to  be  pursued 
for  the  solution  of  equations  involving  more  than  two  inde- 
pendent variables. 

Prop.  To  deduce  the  complete  primitive  of  the  partial 
differential  equation 

jP(a?„a?„...a?^,  2:,p„jp„...;)J  =  0 (38), 

,  dz  dz 


'1  **^n 


0 

In  the  first  place  we  must  seek  to  determine  values  of 
Tv  Pt>"'Pn  ^^  terms  of  the  primitive  variables  x^,  x^y...  x^,  z, 
such  as  will  render  integrable  the  equation 

dz-pjdx^+p^dx^  •••+A^» (^9). 

Suppose  one  of  the  equations  requisite  in  conjunction  with 
(38)  for  this  determination  to  be 

4>(a?„aJ„...a?^,  «, ;?„;?„  ...^J=  a, (40). 

Then  representing  the  first  members  of  (38)  and  (40)  by  their 
characteristics  i^and  <I>,  differentiating,  and  substituting  for 
dz  its  value  given  in  (39),  we  have  results  which  may  be  thus 
expressed, 

^•{(S+^f)*^'|*j=« (*^). 

where  2,  represents  summation  from  i  =  1  to  i  =  n. 
But  since  i>i=  x~  >  we  have 

B.  D.  E.  S3 
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Substituting  this  value  in  (42),  we  shall  be  permitted,  in  con- 
sequence of  the  independence  of  the  diflferentials  dx^,  da?,,. .  .rfa?,, 
to  equate  their  respective  coefficients  to  0, 

It  is  easy  to  see  that  the  coefficient  of  dx^  will  be 


dx^     ^"^  dz         ^dpidx^Xr' 

Equating  this  to  0,  we  have,  on  transposition, 

_/d*         rf^^     ^     d^z    d^ 
\dxr    ^"^  dz  )^    *  dxfclxr  dpi ' 

Hence,  changing  i  into  r  and  r  into  i, 

\dXi     -^^  dzj        "^dx^x^dpr ^ 

Now  comparing  this  with  (43),  and  observing  that 

ePg    _    d'z 
dXfdx^     dx^dxi ' 

we  see  that  the  systems  of  differentials  represented  by  rf/), 
and  dx^  respectively  are  connected  by  the  same  relations  as 
the  systems  of  functions  represented  by 

(d^^     d^\       ,  d*  .    , 

"  W^P*d^)  ^^^  ^,  respectively. 

Hence,  by  the  reasoning  of  the  previous  example,  it  is  per- 
mitted to  substitute  in  (41),for  the  diiFerentiaLs,the  correspond- 
ing functions,  viz.  -  (-T-+Pi  ^)  for  dp<;  and  -j-  for  (ir,. 
We  thus  find 

^  (fdF  ^     dF\  d^     dF  (d^  .      d^W      ^ 
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the  summation  extending  from  t  =  1  to  i  =  n.  This  is  the 
relation  sought,  and  it  is  seen  to  be  symmetrical  with  respect 
to  F  and  <E>.  When  F  is  given,  it  becomes  a  linear  partial 
differential  equation  for  determining  <I>.  From  its  auxiliary 
system  of  ordinary  differential  equations  it  sufiSces  to  obtain 
«-l  integrals, 

*!  =  «!>    ^.  =  ««.-^n-i  =  «H-i (*6), 

such  as,  in  conjunction  with  the  given  equation,  will  enable 
us  to  determine  i^i ,  1>8 ,  • .  •  i>„  iti  terms  of  the  original  variables ; 
then  integrating  (39),  we  shall  obtain  the  complete  primitive 
in  the  form 

/(a?„  a?„  ...  w^,  z,  a^,  a^, ...  aj  =  0 (47). 

All  other  forms  of  solution  are  hence  deducible  by  regarding 
a,,  a,,  ...  a^  as  parameters  varying,  independently  or  in  sub- 
jection to  connecting  relations,  but  so  as  to  leave  unaffected 
the  forms  oip^,p^,  •••^n. 

It  is  proper  to  observe  that  the  given  equation  F=^  0  is 
itself  included  among  the  particular  integrals  of  (45).  In  fact 
F  is  one  of  the  forms  of  <J>  which  make  4>  =  a  a  solution,  as 
will  be  found  on  trial.  The  given  equation  is  therefore  a 
particular  integral.  And  therefore  the  n  —  1  integrals  of  the 
system  (46)  must  be  independent  of  it  in  order  to  render  the 
determination  oip^^p^,  •••i'«  possible. 

The  equation  (45)  may  be  expressed  as  follows: 

^fdFd^_d^d^\dF^     ^_^2     —  =  0 
*  \dXi  dpi     dpi  dxj      dz     *^*  dpt      dz     *^*  dpt 

And  under  this  elegant  form,  obtained  however  by  a  more 
complex  analysis,  the  solution  is  presented  by  Brioschi  (Tor- 
tolini,  Tom.  VL  p.  426,  Intomo  ad  una  proprietA  delle  equa- 
zioni  alle  derivate  parziali  delprimo  ordine). 

The  problem  of  the  integration  of  partial  differential  equa- 
tions of  the  first  order,  irrespectively  of  the  number  of  the 
variables,  appears  to  have  been  first  solved  by  Pfaff,  but  the 

23—2 
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most  complete  discussion  of  it  will  be  found  in  a  memoir  by 
Cauchy  (Exerdces  cF Analyse,  Tom.  ii.  p.  238.  Sur  f  integra- 
tion des  Equations  aux  d^riv^es  partielles  du  premier  ordre),  in 
which  the  determination  of  the  arbitrary  functions  of  the 
general  primitive  so  as  to  satisfy  given  initial  conditions  is 
fully  considered.  The  connexion  of  the  subject  with  Theo- 
retical Dynamics  was  first  established  by  the  researches  of 
Sir  W.  Hamilton  and  Jacobi.  The  truth,  illustrated  above, 
that  the  solution  of  a  partial  differential  equation  of  the  first 
order  is  reducible  to  that  of  a  system  of  ordinary  differential 
equations,  and  the  truth  that  the  solutions  of  certain  systems 
of  differential  equations  (including  that  of  dynamics)  may  be 
reduced  to  the  discovery  of  a  single  function  defined  by  a 
partial  differential  equation,  are  correliative.  The  researches 
above  referred  to,  together  with  those  of  Liouville,  Bertrand, 
and  Bour,  founded  partly  upon  their  results  and  partly  upon 
the  allied  discoveries  of  Lagrange  and  Poisson  concerning  the 
variation  of  the  arbitrary  constants  in  dynamical  problems, 
contain  the  most  important  of  recent  additions  to  our  specu- 
lative knowledge  of  Differential  Equations.  For  this  reason 
we  have  dwelt  upon  their  history.  Fuller  information  will  be 
found  in  Mr  Cayley's  excellent  Report  on  the  recent  Pro- 
gress of  Theoretical  Dynamics.  {Report  of  British  Assodor 
tion,  1857.) 

[In  an  Appendix  to  the  first  edition  Professor  Boole  pre- 
sented Art.  14!  in  the  following  form.] 

Art.  14.  The  most  important  form  of  the  problem  of  this 
Article  is  the  following,  and  the  reader  is  requested  to  sub- 
stitute it  for  the  one  in  the  text,  sufficient  account  not  bemg 
there  taken  of  the  conditions  among  the  constants. 

Required  a  value  of  ^  as  a  function  of  cc^,  a?,, ...  a?^  which 
shall  satisfy  the  partial  differential  equation 

F{x^,x^,...x^,z,p^,p^,...pj  =  0 (1), 

and  shall,  when  x^  =  0,  assume  a  given  form, 

ir  =  ^,(a?^,  ir„...0 (2). 
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Representing  the  second  member  of  (2)  by  <j>,  and  — ~ 
by  ^j,  &c.,  we  shall  have,  when  a?^  =  0, 

r       •  1  '        xT_      /»  1  •  1    ^-3?       da?  dz 

tor,  in   seekmg  the  forms  which  -7—,  -?-,... -7 —  assume 

when  ^  =  0,  we  are  permitted  to  make  o?^  =  0  in  the  general 
value  ot  z  before  differentiating. 

Now  the  auxiliary  system  of  the  linear  equation,  (45)  in 
the  text,  yields  2n  integrals  connecting  a?j, ...  a?^,  z,p^y,..p^ 
with  2/1  arbitrary  constants.  But  since  one  of  the  integrals 
is  F==c,  and  since  to  make  this  agree  with  (1)  we  must 
have  c  =  0,  the  2n  integrals  will  effectively  contain  2n— 1 
arbitrary  constants.  This  however  being  the  number  of 
the  variables  contained  in  (2),  (3),  namely  of  the  variables, 

^i»-«-a;„_i»  ^i  Pi»  •••?«-!>  ^^  ^^y  express,  and  so  replace, 
these  arbitrary  constants  by  initial  values  of  the  above  vari- 
ables corresponding  to  x^  =  0. 

Let  f  1 , . . .  f «_i ,  f ,  TT, , . . .  7r^_j  be  the  new  constants  in  question ; 
then,  substituting  these  for  the  variables  whose  initial  values 
they  represent  in  the  n  equations  (2),  (3),  we  obtain  n  con- 
ditions connecting  the  above  constants. 

Thus  we  have  finally  3n  equations,  consisting  of  2n  inte- 
grals with  n  equations  of  condition  connecting  the  2w  —  1 
constants  which  those  integrals  contain.  From  these  Sn 
equations  we  can  eliminate  the  above  2w  —  1  constants  toge- 
ther with  the  n  quantities  Pp/?,,  ...p„.  The  result  will  be  a 
final  relation  between^,  x^,  x^, ...  x^,  which  will  be  the  solu- 
tion sought. 

If  we  regard  the  function  <f>  (w,,  x,, ...  x^,)  b.8  arbitrary,  the 
above  solution  will  constitute  a  general  primitive ;  but  if  we 
give  to  it  a  particular  form  involving  n  arbitrary  constants, 
we  shall  obtain  a  complete  primitive,  (Cauchy,  Exercices, 
Vol.  n.  p.  238.) 

[Important  additions  on  partial  differential  equations  of 
the  first  order  are  given  in  the  Supplementary  Volume^  Chap- 
ters XXV.,  XXVI.,  and  xxvii.] 
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EXERCISES. 

I.  How  are  equations,  in  which  all  the  differential  coeffi- 
cients have  reference  to  only  one  of  the  variables,  solved  ? 

2.  ^^^     y 

3.  ^^^  y  , 

dx     x  +  z' 

4.  The  partial  differential  equation  of  the  first  order  which 
results  from  a  primitive  of  the  form  u=f(v),  where  u  and i; 
are  determinate  functions  of  x,  y,  z,  is  necessarily  linear. 
Prove  this. 

5.  ap  +  hq  =  1. 

7.  yp  +  xq^  z. 

8.  Q^p  —  xyq  +  y'  =  0. 

9.  Integrate  the  equation  of  conical  surfaces 

(a  — a?)^  +  (i— y)  2  =  0—-^. 

10.  xzp  +  y^j  =  a?y. 

II.  (3^»  +  «*  -  a^i?  -  2xyj  +  2a:j5  =  0, 

12.  Required  the  equation  of  the  surface  which  cuts  at 
right  angles  all  the  spheres  which  pass  through  the  origin  of 
co-ordinates  and  have  their  centres  in  ihe  axis  of  x. 

It  mil  be  foand  that  this  leads  to  the  partial  differential  equation  of  the 
last  problem. 

13.  «-^-yg  =  a(a?'  +  y*  +  «')*i 
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14.  Find  the  equation  of  the  surface  which  cuts  at  right 
angles  the  system  of  ellipsoids  represented  by  the  equation 

where  T)  is  the  variable  parameter.    Lacroixy  Tom.  ii.  p.  678. 

15.  Find  the  equation  of  a  surface  which  belongs  at  once 
to  surfaces  of  revolution  defined  by  the  equation  /?y  —  jo;  =  0, 
and  to  conical  surfaces  defined  by  the  equation  px  +  qy  =  z. 

In  problems  like  the  above  we  mast  regard  the  equations  as  simnltaneons, 
determine  p  and  q  as  functions  of  x,  y,  z,  and  substitate  their  values  in  the 
equation  dz  =pdat-^qdy,  which  will  become  integrable  by  a  single  equation  if 
the  problesi  is  a-  possible  one,  but  not  otherwise. 

dz       dz       dz  XV 

17.  Explain  the  distinction  between  a  complete  primitive 
and  a  general  primitive  of  a  partial  differential  equation  of 
the  first  order. 

18.  Find  the  complete  and  the  general  primitive  of 

z  —  px  +  qy+pq. 

19.  Deduce  a  singular  solution  of  the  above. 

20.  pq^l. 

21.  q=^a:p+p\ 

22.  Shew  from  the  form  of  its  integral  that  q=f{p) 
belongs  only  to  developable  surfaces. 

23.  Deduce  two  complete  primitives  of 

pq  ^px  +  qy. 

24.  Deduce  two  complete  primitives  of 
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25.  Given  two  general  primitives  of  a  partial  di£ferential 
equation  of  the  first  order,  in  the  forms, 

Ist.     z^F[x,y,a,^[a)],     0= ^  A»  ' 

2nd.   z  =  ^{x,y,c,'^{c)],    0  = ^dc^^' 

shew  that  the  dependence  of  the  fmictions  '^  (c)  and  ^  (a), 
when  the  two  primitives  lead  to  the  same  particular  integral, 
may  be  determined  by  the  following  rule.  Eliminate  x  and  y 
from  any  four  independent  equations  of  the  system 

F  =  ^    ^=^     ^=:^*     ^=0     —  =  0 
'  dx      dx'    dy      dy'    da       *     dc 

The  two  resulting  equations  will  involve  the  relation  required, 
and  when  the  form  of  ^  (a)  is  given,  the  elimination  of  a  from 
both  will  give  a  differential  equation  for  determining  the  form 
of  yjt  (c). 

26.  The  equation  z  =^jpq  has  two  general  primitives, 
1st.    z^{y  +  a)[x  +  <f,{a)],    0^-^[{y  +  a}{x  +  4>{a)]l 

4 

2nd.    4z-{cir  +  ^  +  ^(c)}*,  0  =  ~{cx+^  +  '>^(c)}''', 

0  CLC  C 

shew  hence  that  the  relation  between  ^  (a)  and  y^  (c)  is  ex- 
pressed by  the  equations 

f(a)  +  ~=0,    c^(c)-cY(c)  =  2a 
c 

[An  interesting  problem  involving  partial  differential  equa- 
tions of  the  first  order  is  discussed  in  the  Supplementary 
Volume,  Chapter  xxxiii.] 


wmim 
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CHAPTER   XV. 

PARTIAL    DIFFERENTIAL   EQUATIONS   OF  THE  SECOND  ORDER. 

1.  The  general  form  of  a  partial  differential  equation  of 
the  second  ordep  is 

^i^y  y>  ZyP>  q>  r,  5,  ^)  =  0 (1), 

where 

_^dz         ^dz         __  d^z        _    d^z  d^z 

^"5i'    5^~^'    ^^da?'    ^"d^dy'  df' 

It  is  only  in  particular  cases  that  the  equation  admits  of 
integration,  and  the  most  important  is  that  in  which  the  dif- 
ferential coefficients  of  the  second  order  present  themselves 
only  in  the  first  degree;  the  equation  thus  assuming  the  form 

Br  +  S8+n--V (2), 

in  which  B,  8,  T  and  V  are  functions  of  x,  y,  ^,  p  and  q. 
This  equation  we  propose  to  consider.  The  most  usual  method 
of  solution,  due  to  Monge,  consists  in  a  certain  procedure  for 
discovering  either  one  or  two  first  integrals  of  the  form 

«=/(«) (3), 

u  and  V  being  determinate  functions  of  a?,  y,  z,  p,  q,  and  /  an 
arbitrary  functional  symbol.  From  these  first  integrals,  singly 
or  in  combination,  the  second  integral  involving  two  arbitrary 
functions  is  obtained  by  a  subsequent  integration. 

An  important  remark  must  here  be  made.  Monge's  method 
involves  the  assumption  that  the  equation  (2)  admits  of  a  first 
integral  of  the  form  (3).  Now  this  is  not  always  the  case. 
There  exist  primitive  equations,  involving  two  arbitrary  func- 
tions, from  which  by  proceeding  to  a  second  differentiation 
both  functions  may  be  eliminated  and  an  equation  of  the  form 
(2)  obtained,  but  from  which  it  is  impossible  to  eliminate 
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one  function  only  so  as  to  lead  to  an  intermediate  equation 
of  the  fonn  (3).  Especially  this  happens  if  the  primitive  in- 
volve an  arbitrary  function  and  its  derived  function  together. 
Thus  the  primitive 

leads  to  the  partial  differential  equation  of  the  second  order 

r-t^^-P (5). 

X 

but  not  through  an  intermediate  equation  of  the  form  (3). 

It  is  necessary  therefore  not  only  to  explain  Monge's 
method,  but  also  to  give  some  account  of  methods  to  be 
adopted  when  it  fails. 

[Part  of  the  present  Chapter  is  treated  on  a  larger  scale  in 
the  Supplementary  Volume,  Chapters  xxviii.  and  xxix.] 

2.  It  is  not  only  not  true  that  the  equation  (2)  has  neces- 
sarily a  first  integral  of  the  form  (3),  but  neither  is  the  con- 
verse proposition  true.  We  propose  therefore,  1st,  to  inquire 
under  what  conditions  an  equation  of  the  first  order  of  the 
form  (3)  does  lead  to  an  equation  of  the  second  order  of  the 
form  (2) ;  2ndly,  to  establish  upon  the  results  of  this  duect 
inquiry  the  inverse  method  of  solution.  And  this  procedure, 
though  somewhat  longer  than  that  usually  followed,  is  more 
simple,  because  exact  and  thorough. 

Prop.  1.  A  partial  differential  equation  of  the  first  ord^r 
of  the  form  u=f{v)  can  only  lead  to  a  partial  differential 
equation  of  the  second  order  of  the  form 

Br  +  83+Tt--V (6), 

when  u  and  v  are  so  related  as  to  satisfy  identically  the  con- 
dition 

du  dv     dudv  ^^  .-. 

d^di'd^dp'^ ^'^' 

For,  differentiating  the  equation  u  =  f{v)  with  respect  to  x, 

and  observing  that  -r-  =|),    Zj^^r    i^  ~  *'  ^®  he^YQ 
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dx    ^  dz        dp       d(i    ^  ^  '  \dx    ^  dz       dp       dg^J  ' 

In  like  manner  differentiating  u  =/(v)  with  respect  to  y, 
we  have 

du  ,     du       du     ^  du      -,.  .  /dv  .     dv  ,     dv  ^  ^  dv\ 

Eliminating /'(v)  there  results 

(du       du       du       du\/dv^       dv       ^ifdf^\ 
\dx     ^  dz        dp       dqj  \dy     ^  dz        dp        dq) 

/dv        dv  .     dv  .     dv\fdu  .     du  .     du  .  ^du\    ^     ,^. 

On  reduction  it  will  be  found  that  the  only  terms  involving 
r,  8,  and  <  in  a  degree  higher  than  the  first  will  be  those  which 
contain  rt  and  8\    The  equation  will  in  fact  assume  the  form 

Rr'\-S8  +  Tt+U{H-3')^r. (9), 

in  which  U=^-j--, r-~r-  *     The  forms  of  the  other  co- 
op dq     dq  dp 

efficients  it  is  unnecessary  to  examine. 

Now  this  equation  assumes  the  form  (6)  when  the  con- 
dition (7)  is  satisfied — and  then  only. 

3.  The  proposition  might  also  be  proved  in  the  following 
manner.  Since  u=f(v)  we  have  du=f'(v)dv,  an  equation 
which,  since  f(v)  is  arbitrary,  involves  the  two  equations 
du  =  0,  d»  =  0.    Hence 


-da^+-dy  +  ^dz  +  ^dp  +  ^dq^O 

dv  ,       dv  J    ,  dv  J       dv  J    ,  dv  ^       ^ 
^dx  +  ^^dy  +  ^dz  +  ^dp  +  ^^dq:^0 


...(10). 


364!  PARTIAL  DIFFERENTIAL  EQUATIONS  [CH.  XV. 

But  dz  =  pdx  +  qdifj  dp  =  rdx  +  sdy^  dq  =  sdx  +  tdi/. 
Whence  on  substitution 
/du       du       du       du\  ,       fdu       du  .     du  ^  ^  da\  ,      ^ 

\dx     ^  dz        dp       dq)  \dy     ^  dz        dp  '     dq) 

Whence  eliminating  dx  and  dy,  we  have  the  same  result 
as  before. 

4.  A  consequence,  which,  though  not  afiFecting  the  present 
inquiry,  is  important,  may  here  be  noted.  It  is  that  it  would 
be  in  vain  to  seek  a  first  integral  of  the  form  u  =f{v)  for  any 
partial  differential  equation  of  the  second  order  which  is  not 
of  the  form  (9). 

Prop.  2.  To  deduce  when  possible  a  first  integral,  of  tlie 
form  u  =/{v),  for  the  partial  differential  equation  (6). 

By  the  last  proposition  u  and  v  must  satisfy  the  condition 
(7),  which  is  expressible  in  the  form, 

du     du  __dv      dv  . 

dq  '  dp"  dq  *  dp ^    '' 

Hence,  if  we  represent  each  member  of  this  equation  by  m, 
we  have 

du  _^     du     dv  _      dv  .  ^. 

dq"     dp'   dq"      dp ^    '' 

Substituting  these  values  in  (10),  we  have 

du  J       du  J       du  J       du  ,y  ,  . 

and  we  are  to  remember  that  this  system,  being  equivalent 
to  du=^0,  dv  =  0  modified  by  the  condition  (7),  can  only  have 
an  integral  system  of  the  form, 

u^a,  v=^b (14), 


...(13); 
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a  and  b  being  arbitrary  constants,  and  u  and  v  connected  by 
the  condition  (11). 

Making  dz  =pclx  +  qdy  in  (13),  we  have 

(dv  .      dv\  ,       fdv        dv\  7    .  dv  ,  •,    .       7%      /> 

From  these  and  from  the  equations 

dp^rdx  +  sdi/,    dq=$dx-\-  tdy (16), 

if  we  eliminate  the  differentials  dxy  dy^  dp,  dq*^Q  shall 
necessarily  obtain  a  result  of  the  form  (6).  For  in  thus 
doing  we  only  repeat  the  process  of  Art.  3,  with  the  added 
condition  (7J. 

To  effect  this  elimination,  we  have  from  (16), 
dp  +  mdq  =  (r  +  ms)  dx-\-{8-\-  mt)  dy ; 
or,  rdx-\-8  {dy  +  indx)  +  trndy  =  dp -{•  mdq (17). 

Now  the  system  (15)  enables  us  to  determine  the  ratios  of 
dy  and  dp  +  mdq  to  dxy  and  these  ratios  substituted  in  (17), 
reduce  it  to  the  form  (6). 

But  in  order  that  it  may  be,  not  only  of  the  form  (6),  but 
actually  equivalent  to  (6),  it  is  necessary  and  sufficient  that 
we  have 

dx _dy-\- mdx _  mdtf  _  (it>  4- mdq  .    . 

This  system  of  relations  among  the  differentials  must  thus 
include  the  equations  (15).  The  same  system  (18),  together 
with  the  equation  dz  =pdx  +  qdy,  must  therefore  include  the 
system  (13).  It  must  therefore  in  its  final  integral  system 
include  the  equations  u=^a,v^h  with  their  implied  con- 
dition. 
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We  conclude  then,  that  if  the  equation  Rr  +  8s+  Tt=  F, 
result  from  an  equation  of  the  first  order  of  the  form  u  =/(v), 
the  system  (18),  together  with  the  equation, 

dz=pdx  +  qdi/ (19), 

must  admit  of  an  integral  system  determining  u  and  v  in 
equations  of  the  form  u  =  a,  v  =  b. 

To  eliminate  m  from  (18)  we  have,  on  determining  its  value 
from  the  first  and  third  members,  substituting  it  in  the 
second  and  fourth,  and  reducing, 

Jtdt/* "  Sdxdy  +  Xdx^  =- 0 .....(20), 

m 

Rdpdy -^  Tdqdx'-Vdxdy  =^Q (21), 

and  these*  with  (19),  make  threeordinarydiflferential  equations 
among  the  five  variables  x,  y,  «,  p,  q.  But  among  five  vari- 
ables there  ought  to  exist  four  ordinary  diflferential  equations 
in  order  to  render  the  final  relations  determinate.  And  this 
confirms  what  was  said  in  Art.  1,  of  the  hypothetical 
character  of  Monge's  method.  It  is  only  when  the  proposed 
equation  originates  in  an  equation  of  the  form  w=/(t;),  that 
the  above  system  admits  of  two  integrals  of  the  form, 

w  =  a,    V  =  &. 

As  (20)  is  of  the  second  degree  it  will,  unless  it  is  a  com- 
plete square,  bp  resolvable  into  two  equations  of  the  first 
degree,  and  either  of  these  in  conjunction  with  (21)  and  (19) 
may  lead  to  a  final  integi'al  system  determining  u  and  v.  It 
follows  that  when  the  given  equation  admits  of  a  first  integral 
at  all,  it  will  admit  of  two  such — excepting  the  case  in  wMch 
(20)  is  a  complete  square. 

5.  As  yet  no  account  has  been  taken  of  the  quantity  m. 
The  mode  in  which  it  is  involved  in  the  equation  (18),  leads 
however  to  a  remarkable  consequence  developed  in  the  follow- 
ing Proposition. 

Prop.  If  by  the  last  proposition  we  obtain  two  first  in- 
tegrals of  the  form 

«»=/(»i).    «.-^(f.) (22), 
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and  if,  regarding  these  as  simultaneous,  we  determine  ^p  and  5 
as  functions  of  a,  y,  «j,  those  values  will  be  such  as  to  render 
the  equation  dz  ^pdx  +  qdy  integrable,  and  thus  to  lead  to 
the  second  or  final  integral. 

For  simplicity,  we  shall  represent  u^—fiv^  by  F,  and 
^8 ""  ^  W  %  ^'    Thus  the  supposed  first  integrals  are  simply 

jP=:0,    *  =  0 (23). 

Now  reverting  to  the  system  (18),  and  representing  the 
ratio  dy  :  dxhy  n,  its  first  two  equations  assume  the  form, 

1  _  w  +  ^  _  w^i 
and  shew  that  m  and  n  are  the  two  roots  of  the  equation 

Hence,  the  value  of  the  ratio  dy  :  doc  corresponding  to  one 
of  the  first  integrals  (23),  is  the  same  as  the  value  of  m  cor- 
responding to  the  other. 

Now  for  the  value  of  m  corresponding  to  the  integral 
^=  0,  we  have  by  definition, 


du,     dv 
m 


_  dq  _  dq 
du.  dv^ 
dp      dp 

du.     J,, ,  .  dv^ 
du       „f  .  dv. 

dF 

-| 

dp 


(24). 


Again,  seeking  the  value  of  the  ratio  dy  ;  dic,  correspond- 
ing to  the  integral  ^  =  0,  we  have 
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fd^     d^     ,  d^     ,  d^ 


\dx      dz^     dp         dq 

d<^     d^       d<b       d<^ 


^/d<P^d<P       d^    _L«****^J      ft 


Equating  the  value  of  dy  :  dx  hence  found  to  that  of  m 
given  in  (24),  we  have,  on  reduction, 

dFd^     dFd^     dFd^       dFdJ^ 
dp  dx      dq  dy      dp  dz^      dq  dz  ^ 

^^^^r+(—~^^  —  \8-\-^~t^0       (25) 
dp  dp         \dp  dq^       dq  dp)        dq  dq  '"  ^ 

• 

In  like  manner  equating  the  values  of  m  corresponding  to 
the  integral  4>  =  0,  and  of  dy  ;  dx  corresponding  to  the  in- 
tegral F=  0,  we  have 

dFd^     dFd^     dFd^       dFd^ 
dx  dp      dy  dq      dz  dp  ^      dz  dq^ 

^^r     (-^^  +  ^^]8  +  —  —  t  =  0      f^6) 
dp  dp        \dq  dp      dp  dq)         dq  dq  '"  ^^ 

Subtracting  (25)  from  (26),  there  results 

.dFd<^_dFd^     dFd^^dFd^ 
dx  dp      dp  dx      dy  dq      dq  dy 

(dFd^^dFd^     ,(^d^_dFd^\    ^q      (^D 
\dz  dp      dpdz)^     \dz  dq       dqdz)""     '"' ^ 

Now  this  is  identical  with  the  equation  (37),  Chap.  xrv. 
Art.  13,  expressing  the  very  condition  which  must  be  fulfilled 
in  order  that  the  values  of  p  and  q  given  by  i^=0,  0  =  0, 
may  render  the  equation  dz=pdx  +  qdy  an  exact  diflferentiaL 
Hence  the  proposition  is  established. 

It  ia  interesting  to  observe  that  the  two  first  integrals  stand 
in  a  certain  conjugate  relation.  Each  of  them  satisfies  that 
partial  differential  equation  of  the  first  order  and  degree  which 
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we  should  have  to  construct  in  attempting,  by  the  process  of 
Charpit,  to  integrate  the  other.  Hence  also,  although  the 
knowledge  of  both  is  desirable,  that  of  either  is  sufficient  to 
enable  us  to  proceed  by  integration  to  the  final  solution. 

6.  The  statement  of  Monge's  method,  as  derived  from  the 
above  investigation,  is  contained  in  the  following  Rule. 

Bulk  The  equation  being  Br  +  Ss+Tt^V,  form  first, 
the  equation 

Rdy'-Sdxdy-{-Tcb?^Q (28), 

and  resolve  it,  supposing  the  first  member  not  a  complete 
square,  into  two  equations  of  the  form 

dy-^m^dx^Oy    dy^-m^dx^O (29). 

From  the  first  of  these,  and  from  the  equation 

Rdpdy+Tdqdx-Vdxdy^O (30), 

combined  if  needful  with  the  equation  dz^pdxfqdy,  seek 
to  obtain  two  integrals  w,  =  a,  Vj  =  b.  Proceeding  in  the  same 
way  with  the  second  equation  of  (29),  seek  two  other  integrals 
Wj  =  a,  v^  =  l3,  then  the  two  first  integrals  of  the  proposed 
equation  will  be 

^i=/iK)>   '*s=/«W (31). 

To  deduce  the  second  integral,  we  must  either  integrate 
one  of  these,  or,  determining  from  the  two  p  and  q  in  terms 
of  X,  y,  and  z,  substitute  those  values  in  the  equation 

dz^pdx-^-qdy, 

which  will  then  satisfy  the  condition  of  integrability.  Its 
solution  will  give  the  second  integral  sought. 

If  the  values  of  m^  and  m^  are  equal,  only  one  first  integral 
will  be  obtained,  and  the  final  solution  must  be  sought  by 
its  integration. 

When  it  is  not  possible  so  to  combine  the  auxiliary  equa- 
tions as  to  obtain  two  auxiliary  integrals  w  =  a,  v  =  J,  no  first 
integral  of  the  proposed  equation  exists,  and  some  other  pro- 
cess of  solution  must  be  sought. 

B.  D.  E.  24 
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We  may  observe  that  the  determination  of  jp  and  q  from  the 
two  first  integrals  is  facilitated  by  the  fact  that  u  and  v  satisfy 
the  condition  (7).  Interpreted  by  Chap.  n.  Art.  1,  that  con- 
dition implies  that  ^  and  q  enter,  in  some  single  definite  com- 
binatioD,  in  both  u  and  v. 

Ex.  1.    Given  -v-^  -  ti'  ^^  =  0. 

Here  5  =  1,  iSf=0,  T  =  -a\  7=0.  Hence  we  have  by 
(28)  and  (30), 

d^-d^da?  =  Of    dpdy  —  a*dqdx  =  0 (a). 

The  former  of  these  is  resolvable  into  the  two  equations 

dt/i  +  adx^O^  dy  —  adx^O (5), 

of  which  the  first  gives  y-f-arc  =  c,  and  at  the  same  time 
reduces  the  second  equation  of  (a)  to  the  form  dp  -}-  adq  =  0,  of 
which  the  integral  is  p  -h  aj  =  C.  Thus  a  first  integral  of  the 
given  equation  is 

p-f-ag'  =  ^(y-fflw?) (c). 

Proceeding  in  like  manner  with  the  second  equation  of  (6), 
we  find  as  another  first  integral 

p-.ag'  =  '^(y  — cw?) [d). 

From  these  two  equations  determining  p  and  g,  the  equation 
dz  =  "pdx  +  qdy  becomes 

^^ ^ <^(y-foa?)  +  '^(y-qa;)^  |Xy+ga;)--i|r(y -qa?) 

Or 

dz ■■ ^ ■■ . 

Hence  if  1 J^  (t)  dt  =  i>,  («)  and  -  ^ J^  (<)  eft  =  f.  (0, 

we  have 

^  =  ^1  (y  +  o^)  +  "^1  (y  -  «*)• 
Here  ^^  '^^  are  arbitrary  functions  since  ^  and  ^  are  such. 


wjmmi^wmi^t^^ 
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It  is  seen  that,  in  each  of  the  first  integrals,  the  condition 
(7)  is  satisfied,  and  assuming 

it  is  easy  to  verify  the  condition  (27). 

Ex,  2.    Given  r+  05  +  6^=  0. 
Proceeding  as  before,  we  find 

as  the  two  first  integrals  of  the  proposed,  m  and  n  being  the 
roots  of  the  equation  ^  —  a^  +  6  =  0.  Hence,  determining  » 
and  q,  substituting  in  the  equation  dz  =  pdx+  qdy,  integrating 
and  reducing  we  have 

But  when  m  and  n  are  equal  we  have  only  one  first  in- 
tegral, viz. 

^  +  mg  =  <^(y  —  twa?). 

Treating  this  by  Lagrange's  process,  we  have  the  auxiliary 
system 

^^rfy^        dz 

From  the  first  two  members  we  find  y^mx  =  c.  This 
enables  us  to  jeduce  the  equation  of  the  first  and  third  to  the 
form 

whence  z=^a^{c)  +  c\ 

Therefore,  restoring  to  c  its  value, 

z^-xjiiy"  mx)  =s  c'. 
Thus  we  have  for  the  final  integral 

24—2 
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Ex.  3.    Given 

(6  +  cg)V-  2  (b  +  cq)  (a  +  cp)8  +  (a  +  cp)'^  =  0. 
Here  the  auxiliary  equations  are 
(b  +  cqydy*  +  2  (6  +  cq)  (a  +  cp)  dydx  +  (a  +  cpYdaf^ 0...(a). 

(b  •\- cqfdpdy -k-  (a  +  cp)^d5da?  =  0 (6). 

The  first  of  these  equations  gives 

(b-¥cq)  dj/'\-(a  +  cp)dx  =  0 (c), 

■which  the  equation  dz=pdx  +  qdy  reduces  to  the  form 

adx  +  bdy  +  cdz  =  0; 

whence 

ax-\-by+cz  =  a {d}. 

Again,  eliminating  dy  and  dx  from  (6)  and  (c),  we  have 

{b  +  cq)  rfp  —  (a  +  cp)  dq  =  0, 
whence,  integrating, 

b  +  cq     ^  ^' 

Thus  a  first  integral  of  the  proposed  equation  is 

or 

cp  --  c^(ax  +  by  -{•  cz)  q  =  h<p(ax  +  by  +  cz)  —a; 

and  this  must  be  integrated  by  Lagrange's  process. 

The  auxiliary  system  is, on  representing  0(aa?+6y+a?)  by  ^, 

dx  _^     dy  _^     dz 
c         c<f>     b^  —  a* 

From  these  we  find  adx  +  bdy  +  cdz  =  0,  whence 

ax  +  by  '\'  cz^G, 
and  thus  4^{cix  +  by-^-cz)^  ^if^* 


H^ne^   _Hji  I  III  aiia^^^^^BSB^KaBCB^V? 
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Hence  substituting      dy^'^<f>{G)dx, 

whence  y  +  f}>(C)x=^  C, 

or  y  +  ic<j>{ax  +  by  -{•  cz)  =C\ 

Thus  the  final  integral  is 

y  +  OB<l}{ax+by  +  cz)  —y^{ax  +  by  +  cjz). 

This  solution  may  also  be  expressed  in  the  form 

z  =  x<j)^(ax  +  by  +  cz)  +y^i  {ax  +  6y  +  cz), 

in  which  it  is  in  fact  presented  by  Monge,  (Application  de 
V Analyse  d  la  O^om^triey  Liouville's  edition,  p.  79).  The 
equation  solved  is  that  of  surfaces  formed  by  the  motion  of  a 
straight  line  which  is  always  parallel  to  a  given  plane^  and 
always  passes  through  two  given  curves. 

7.  In  the  above  examples  Fis  equal  to  0,  and  this  always 
facilitates  the  application  of  Monge's  method.  The  following 
is  an  example  in  which  V  is  not  equal  to  0. 

Ex.  4.    Given  r  —  t  — —  . 

x  +  y 

The  auxiliary  equations  being 

d]^'-dx^='0,   dpdy^dqdx+ — -^  dasdy^O, 

x-t  y 

one  of  the  systems  hence  derived  is 

dt/— daj  =  0,    dp  —  dq  +  — ^dx==0. 

^  *       ^  ^       X+y 

There  is  also  another  system,  but  it  is  not  integrable  in  the 
form  u^a^v^b. 

From  the  first  of  the  above  equations  we  get 

y-x^a,  ^i'-^?  +  ^:^=0* 

the  latter  of  which  may,  since  dz=pdx+qdx,  be  reduced  to 
the  form 

d  {2y  --  a)(p  -  q)  +  2dz  =^0, 
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Proceeding  as  above,  we  find  1  —  {^' (?)}*  =  0  ; 
therefore  1  -  {<f>'  (j>)Y  =  0, 

whence  -t'  —  ±\    J=±p  +  c; 

therefore  «  —  cys=^(y±a;), 

a  particular  integral. 

The  above  method  is  applicable  to  all  equations  of  the 
second  order  which  are  homogeneous  with  respect  to  r,  «,  t, 
lor  then  we  have  only  to  suppose  Q  =  0. 

10.  There  exists  in  partial  differential  equations  a  remark- 
able duality,  in  virtue  of  which  each  equation  stands  con- 
nected with  some  other  equation  of  the  same  order  by  relations 
of  a  perfectly  reciprocal  character.  As  respects  equations  of 
the  nrst  order  the  principle  may  be  thus  stated. 

Suppose  that  in  the  given  equation 

<f>{^,y,^,p,q)=^ ^ (47) 

we  interchange  x  and  p,  y  and  y,  and  x)haaige  z  into  px  +  qy-  z, 
giving 

<l>(p,qrpx^qg''iB,x,y)=^0  (48); 

iheUy  if  either  of  theie  equations  can  he  integrated  in  the  form 
a  =  -^  (ic,  y),  the  solution  of  the  other  vdll  he  Jbtmd  hy  elimi- 
nativig  Xmid  Y  between  the  equxitions 

^^       dX       '   ^^       dY       ' 

z^Xx  +  Yy^ylt{X,  Y).. (49). 

For,  since  dz  =  pdx  +  qdt/,  we  have 

z-px  +  qy—  j{xdp  +  ydq) (50). 

Hence  xdp  +  ydq  is  an  exact  differential. ,  Bepresent  it  by 
dZ,  and  assume  Z  for  dependent  variable.  Assume  also  two 
new  independent  variables  X  and  Y,  connected  with  the 
former  ones  by  the  relations  X=:p,  Y=^q.    Then 

dZ=  xdp  +  ydq^xdX  +  ydY. 
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Hence  ^=aj.    ^=y, 

Z=l(a;dp+ydq)=px  +  qy-z'by  (50) ; 

therefore  z^px-^  qy^-Z^  xX  +  yY-^  Z» 

On  examining  the  above  equations  we  see  that  a;,  y,  z^  and 
Xj  Yt  Z  are  reciprocally  related.  Writing,  side  by  side,  the 
equations  which  are  conjugate  to  each  other,  we  have 

Z=»Xx+Yy'-z,    z^xX-^yY-Z. 

We  see  too  that  the  equations  (49)  which  express  one  set 
of  the  relations  suffice  to  convert  any  relation  found  by  inte- 
gration between  X,  Y",  Z,  where  Z  stands  for  -^  {X,  Y),  into 
a  corresponding  relation  between  a?,  y,  z. 

Ex.    Given  z  =pq. 

Here  the  transformed  equation  is 

/f/\ 
of  which  the  integral  is  z=:xy  +  xf[-] .    Hence 


^(x,  F)=xr+2y(|) 


Y\ 


and  we  have  to  eliminate  X,  Y,  between  the  equations 
z  =  XY. 
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Each  particular  form  assigned  to  /  gives  a  distinct  par- 
ticular integral.     If  we  assume  /(-y]=a-^  +  6,  we  find 

from  which,  eliminating  X  and  Y,  we  have  «  ==  (a?  —  6)  (y  -  a), 
and  this  is  one  form  of  the  complete  primitive  assigned  in 
Chap.  XIV.  Art.  7.  We  may  observe  that  the  elimination 
may  be  so  eflfected  as  to  lead  to  general  primitives. 

11.    In  equations  of  the  second  order  we  should  have^  in 
addition  to  the  above  transformations,  to  change 

rinto— a,     sinto— a,    tinto-- j (51), 

rt  —  er  rt  —  s  rt  —  s  ^ 

in  order  to  fcyrm  the  reciprocal  equation,  Thfn  the  second 
integral  of  either  being  foimd  in  the  form  z  =  ^jr(x,  y\  that 
of  the  other  wUL  be  found  as  before  by  eliminating  X  and  Y 
from  (49).    For  since 

_dZ        _dZ 

therefore    dx  =  RdX-\- 8dY,    dy^SdX+TdY, 

,  j^     Tdx  -  Sdy  , ^^    —  8dx 4-  Rdy 

whence      rfX=   ^2'^S^ '  BT-S*     * 

But  X=^,    F=g,  therefore 

,         ,         ,       Tdx- Sdy 
dp  =  rdx  +  sdy  =  -gfZTs^' ' 

,         ,       ,,       —Sdx  +  Rdy 
dq=^sdx'\-tdy=^—^jr^^^y 

whence,  equating  coeflScients, 

T  -8         .         R 


MT-S*'         UT-S*'         HT-a* 
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The  extension  of  the  theorem  to  higher  orders  involves  no 
diflSculty. 

12.  It  is  an  immediate  consequence  of  the  above^  that 
any  equation  of  the  form 

<t>{p,q)r  +  '>ir{p,q)s  +  x{p,q)t  =  0 (52) 

can  be  reduced  to  an  equation  of  the  form 

X  (a?,  ^)  r  -  -^/r  {x,  y)8  +  <l)  {x,  y)  t  =  0 (53), 

usually  more  convenient  for  solution.  Legendre's  solution  of 
the  equation 

(1  +2»)  r--2pqs+  (1  +/)  ^  =  0, 

by  the  aid  of  the  above  transformation,  will  be  found  in 
Lacroix  (Tom.  n.  p.  623). 

The  same  transformation  makes  the  solution  of  any  equa- 
tion of  the  form  iJr  +  fii  +  jflt  =  F  {H  —  s')  dependent  on  that 
of  an  equation  of  the  form 

JSr+i&+ZTt=  F, 

but  with  dijfferent  coefBcients.  The  subject  of  these  trans- 
formations has  been  most  fully  treated  by  Prof.  De  Morgan 
{Cambridge  Philosophical  Transactions,  Vol.  Viii.  p.  606). 

13.  Legendre  also  shews  how,  by  a  transformation  for- 
mally resembling  the  above,  to  integrate  the  equation 

r=f{s,t). 

Assuming  s  and  t  as  independent  variables,  and  i/  =  so?  +  <jf  —  g 
as  dependent  variable,  the  equation  is  reduced  to  the  form 

dr         dr* 
where  8  and  T  are  the  values  of  -j-  and  -r-  furnished  by  the 

as         at  *" 

given  equation.    Lacroix,  Tom.  II.  p.  631. 
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EXEKCISES. 

1.  To  what  condition  must  u  and  v  be  subject,  in  order 
that  u^fiy)  may  be  a  first  integral  of  an  equation  of  the 
iorm  Rr-\-8s-{-Tt=  F? 

Integrate  by  Monge's  method  the  following  equations : 

3.  jV-2p25+p'^  =  0. 

4.  Integrate  ps^qr  =  0. 

5.  Integrate  by  Monge's  method  the  -equation 

q(l  +  q)r-'ip  +  q+  %pq)  s+^  (1  +p)t=^0. 

6.  The  solution  of  Ex.  3  may,  by  the  law  of  reciprocity, 
be  made  to  depend  on  that  of  Ex.  2. 

7.  Monge's  method  would  not   enable  us  to  solve  the 

2» 
equation  r  —  ^  =  ^ . 

•2/ 

8.  Deduce  by  Paiss©n*s  method  a  paitticular  integral  of 

(1 4-  j')  r  -  2pqs  +  (I  +  p')  <  =  0. 

9.  Shew  that  the  equations 

rt-8^^f(p,q\  and  rt  -  s"  ^  {/ {x,  j/)}-\ 
are  connected  by  the  law  of  reciproc]?ty. 

10.  The  solution  of  the  equation  r  — ^  =  — ; — (rt'-s) 

F  +  3 

may  be  derived  from  that  of  the  equation  r  —  ^  +  — ^  =0. 
Art.  7,  Ex.  4. 
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CHAPTER  XVI. 


SYMBOLICAL  METHODS. 


1.    The  term  sjrmbolical  is,  by  a  restriction  of  its  wider 
meaning,  applied  more  peculiarly  to  those  methods  in  Ana- 
lysis  in  which  operations,  separated  by  a  mental  abstraction     Cx. 
from  the  subjects  upon  which  they  are  performed,  are  ex- 
pressed by  symbols  in  whose  laws  the  laws  of  the  operations    i 
themselves  are  represented.  '        ^ 

Thus  -J-  is  written  symbolically  in  the  form  -j-  w,  the  sym- 
bol -J-  denoting  an  operation  of  which  u  is  the  subject.'    In.  I 

thus  expressing  an  operation  by  a  symbol,  in  studying  the 
laws  of  that  symbol,  and  in  founding  processes  and  methods    l'\ 
upon  those  laws,  we  introduce  no  strange  or  novel  principle   ^^ 
of  Language;  for  it  is  the  very  ofiBce  of  Language  to  express 
by  symbols  the  procedure  of  Thought.  / 

Thus  also  we  may  write  - — ' 

du  ^           fd\  '. 

_  +  o«  =  ^_  +  aj„ (1). 

-  +  a^^  +  bu  =  [^  +  a^  +  b)u (2). 

and  so  on.    It  will  be  observed  that  the  symbol  prece^^  the 
subject  on  which  it  operates. 

Operations  may  be  performed  in  succession.    Thus 
denotes  that  we  first  perform  on  the  subject  u  the  operation 
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« 

denoted  by  ;?-  +  J>  and  then  on  the  result  effect  the  operation 

J 

denoted  by  -r-  +  a.     Thus  a  and  h  being  constant,  we  have 

\dx       )  \dx       J    "  \dx       J  \dx        J 

—  -rl-j^-^hu]  -hal-T'+bu] 
ax\ax        J        \dx        J 

=S+<'»+^)t+«^ (3> 

When  an  operation  is  repeated,  the  number  of  times  which 
it  is  understood  to  be  performed  is  expressed  by  an  index 
attached  to  the  symbol  of  operation.     Thus 


(i+"y"=(^+«)(^+") 


u 


=  ^  +  2a^  +  a« (4). 

If  in  the  second  member  of  (3),  as  in  the  first,  we  separate 
the  symbols  from  their  subject,  we  have 

Now  the  symbolic  expressions  for  the  equivalent  operations 
performed  upon  u  in  the  two  members  of  this  equation  are  in 
formal  analogy  with  the  algebraic  equation 

(m  +  a)  (m  +  i) M  =  {m'  +{a  +  b)m+  ah]  w, 

and  this  is  a  particular  illustration  of  a  general  theorem  to  the 
statement  and  demonstration  of  which  we  shall  now  proceed. 

2.    If  we  compare  the  synjbolical  expressions 


ex- 
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whose  equivalence  is  stated  in  (5),  we  see  that  each  involves 
■7-  together  with  constant  quantities.  Each  might  therefore, 
to  borrow  the  language  of  analogy,  be  described  as  a  function 
of  -y-  and  constant  quantities,  or  more  briefly  as  a  function 

of  -T- ,  aiid  expressed  in  the  form  /  [-7- j .  Again,  each 
presses  a  system  of  operations  in  the  performancb  of  which 
the  presence  of  the  symbol  -v-  only  indicates  differentiation, 
not  integration.  We  may  with  propriety  terbi  any  function 
of  -T-  possessing  this  character  a  direct  function  of  -j- .  The 
theorem  in  question  is  then  the  following. 

Theorem.    Any  direct  function  of  -y-  and  constant  quan- 

titles  may  be  transformed  as  if  -1-  were  itself  a  quantity. 

In  the  first  place  it  is  evident  that  any  direct  function  of 
the  symbol  -j-  according  to  the  above  definition  is,  in  form, 

what  we  should  term  a  rational  and  integral  function  of  -r- , 

were  that  symbol  merely  algebraic. 

Now  the  laws,  according  to  which  algebraic  symbols  com- 
bine with  each  other  in  the  composition  of  all  rational  and 
integral  expressions,  are  the  following,  viz, 

1st,  the  distributive,  expressed  by  the  equation 

m  (w  +  t;)  =  mw  +  wit; (7), 

2ndly,  the  commutative,  expressed  by  the  equation 

ma  =  am ,.; (8), 

3rdly,  the  index  law,  expressed  by  the  equation 

wrm^^mr^^ ....(9). 
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These  determine,  and  alone  determine,  the  forms,  or,  to  speak 
more  precisely,  the  permitted  variety  of  form,  of  algebraic 
expressions  of  the  above  class. 

But  the  symbol  -v- ,  when  employed  in  combination  with 

constant  quantities  to  operate  on  subjects  which  are  not  con- 
stant, is  subject  to  laws  formally  agreeing  with  the  above. 
For  we  have 

^Ju  +  v)  =  ^u  +  ^v (10), 

nmHir^ ••••''^^ 

the  last  of  these,  however,  expressing,  not  any  distinctive  pro- 
perty  of  the  operation  -r- ,  but  only  the  fact  that  it  is  an 

operation  capable  of  repetition.  These  laws,  in  like  manner, 
determine  the  possible  forms  of  symbolic  expressions  involv- 
ing -T-  with  constants,  and  representing  direct  systems  of 
operations. 

Hence  the  variety  of  form  permitted  in  the  one  case  is  the 
same  as  that  permitted  in  the  other.  In  other  words,  the 
same  transformations  are  valid. 

Among  the  consequences  of  the  above  theorem  the  follow- 
ing may  be  noted. 

1st,  We  can  reduce  any  symbolical  expression  of  the  form 

d^"^^^  ^^"^^'d^  •"  "**^*'  ^^  which  aj,  a„ ...  a^  are  con- 
stants, t6  an  equivalent  expression  of  the  form 
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where  m^,  m^,  ,..m^  are  the  roots  of  the  equation 

w*  +  a^w*"^  +  a^m*"* ...  +  a^  =  0. 
2ndly,  The  order,  in  which  the  component  operations 
d  d  d 

are  written,  is  indifferent, 

Ex.     Thus  -7-^  — a*M  =  0  may  be  reduced  to  either  of  the 
forms 


Srdly,  The  complex  operation 


is  itself,  like  the  elementary  operation  (t-)  ,  distributive;  i.e. 
representing  that  complex  operation  hy/[^-  J ,  we  have 

/(e)("+')-/(c)«+/(I)'' m- 


d\ 


This  conclusion  may  be  verified,  by  substituting  for /f-i-j 

the   expression  for  which   it  stands,  and  performing  the 
operations. 


Inverse  Forms. 

3.  All  that  is  said  above  relates  to  the  performance  of 
operations,  definite  in  character,  upon  subjects  supposed  to  be 
given.  But  an  inverse  problem  is  suggested,  in  which  it  is 
required  to  determine,  not  what  will  be  the  result  of  perform- 
ing a  certain  operation  upon  a  given  subject,  but  upon  what 

B.D.E.  25 
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subject  a  certain  operation  must  be  performed  in  order  to 
lead  to  a  giyen  result.    Thus,  in  the  equation 

(l+«)«=^ (1*)' 

if  u  be  given,  the  performance  of  the  operation  ;i-  +  a  deter- 
mines V ;  but  if  V  be  given,  then  the  inquiry  arises,  what  is 
that  unknown  subject  u,  the  performance  of  the  operation 

-Y~  +  a  upon  which  will  lead  to  the  result  v? 

As  any  procedure  for  determining  u  from  v  is  inverse  to 
the  procedure  by  which  v  is  determined  from  m,  analogy  sug- 
gests the  notation 


a-r 


representing  the  inverse  procedure  in  question, 

but  representing  that  procedure  only  in  its  inverse  character, 
i.e.  conveying  no  information  as  to  how  it  is  to  be  performed, 
but  only  telling  us  that  it  must  be  such,  that  if,  having  per- 
formed it  on  V,  we  perform  on  the  result  the  operation  t-  +<* 

to  which  it  is  inverse,  we  shall  reproduce  v.  For,  substituting 
in  (14)  the  expression  for  u  given  in  (15),  we  have 


(^+«)(^+'*)'''="- 


The  inverse  procedure  is  thus  presented  as  one,  the  effect  of 
which  the  direct  operation  simply  annvls.  This  is  its  definition. 

Thus  in  Arithmetic,  division  is  inverse  to  multiplication. 
What  is  meant  by  dividing  a  by  ft  is  the  seeking  of  a  third 
number  c,  which  when  multiplied  by  b  will  produce  a.  And 
the  very  procedure  by  which  this  is  effected  consists  not  in 
any  new  and  distinct  operation  for  determining  the  subjectc, 
but  in  a  series  of  guesses,  suggested  by  our  prior  general 
knowledge  of  the  results  of  multiplication,  and  tested  by 
multiplication. 
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And  generally,  if  tt  represent  any  operation  or  series  of 
operations  possible  when  their  subject  is  given,  and  then 
tenned  direct y  and  if,  in  the  equation  iru  =  t?,  the  subject  u  be 
not  given  but  only  the  result  v,  then  we  may  write 

And  the  problem  or  inquiry  contained  in  the  inverse  notation 
of  the  second  member  will  be  answered,  when  we  have,  by 
whatsoever  process,  so  determined  the  function  u  as  to  satisfy 
the  equation  ttm  =  v  or  inr'h  =  v.  By  the  latter  equation 
the  inverse  symbol  tt"*  is  defined.  Thus  it  is  the  oflSce  of 
the  inverse  symbol  to  propose  a  question,  not  to  describe  an 
operation.  It  is,  in  its  primary  meanings  interrogative,  not 
directive. 

Suppose  the  given  equation  to  be 

(£+^>(£i-+^")"='' (1^)- 

Then  on  the  above  principle  of  notation  we  should  have 

or,  with  not  less  propriety  of  expression, 

1 

the  last  two  equations  differing  in  interpretation  from  (16), 
not  at  all  as  touching  the  relation  between  u  and  v,  but  only 
as  more  distinctly  presenting  u  as  the  object  of  search. 

Of  what  avail  then,  it  may  be  asked,  is  that  analogy  upon 
which  the  .expression  of  the  last  two  equations  is  founded? 

If  a  convention,  it  is  at  least  a  very  natural  one,  that  we 
should  express  an  operation  performed  upon  a  subject,  by 
attaching,  in  some  way,  the  symbol  denoting  the  operation 
to  the  symbol  denoting  the  subject.  The  order  of  writing, 
in  that  family  of  languages  to  which  our  own  belongs,  has 

25—2 
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doubtless  determined  the  mode  of  connexion  actually  adopted, 
and  which  is  the  same  as  if  the  symbol  of  operation  were  a 
symbol  of  quantity  employed  as  a  coefficient  or  multiplier. 
It  comes  to  pass,  moreover,  that  the  formal  laws  of  combina- 
tion in  the  direct  cases  investigated  in  Art.  2  prove  to  be  the 

same  for  the  symbol  -r-  as  for  a  coefficient  or  multiplier.  But 

inverse  symbols  derive  their  meaning  from  the  direct  opera- 
tions to  which  they  stand  related:  they  are  forms  of  inter- 
rogation, the  answers  to  which  are  to  be  tested  by  the  per- 
formance of  the  direct  operations.  Hence  it  may  be  inferred 
that  the  laws  for  the  transformations  of  inverse  expressions 

involving  3-  with  constants  will  be  the  same  as  for  the  cor- 
responding forms  of  ordinary  algebra.  The  analogy  consists, 
not  in  the  mere  adoption  of  a  common  notation,  but,  as  all 
true  analogy  does,  in  the  similitude  of  relations. 

4.     Solution  of  Linear  Equations  with  constant  Coefficierds, 
If  the  equation  f-7 —  ajw  =  Xbe  given,  we  have 

but,  the  known  general  solution  of  the  given  equation  being 
we  see  that 

G^-«r^=^"^""^^ d'^' 

an  arbitrary  constant  being  introduced  by  the  integration  in 
the  second  member. 

If  X=0,  we  have 

(^-«r^=^^ (!«)• 

These  results  we  shall  have  occasion  to  refer  to. 
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Ex.  .  Now  suppose  the  given  equation  to  be 

we  have,  on  separating  the  symbols, 

or,  by  Art.  2, 

d        \fd 


(s-«)(s-')»=^- w 


«">"      (s-*)"-!!--)'* 


"-(s-'Hs-r^ «• 


On  comparing  this  with  (19)  we  see  that,  in  inverting  a  system 
composed  of  two  operations  performed  in  succession,  the  order 
of  the  operations  themselves  is  inverted.  This  is  evidently 
true  whatever  may  be  the  number  of  successive  operations, 
the  last  to  be  performed  being  always  the  first  to  be  inverted. 

From  (20)  we  might  deduce  the  actual  value  of  u  by  suc- 
cessive applications  of  (17).  Such  was  the  method  once  em- 
ployed.    But  it  is  better  to  proceed  as  follows. 

From  (19)  we  have 

«-{(i-")(i-C^ <^»- 

Now  by  the  known  theory  of  the  decomposition  of  rational 
fractions 

{(m-a)(m-6)}-*  =  J^,(m-a)-*  +  JV,(m-6)-\..  (22), 

N^,  N^  being  functions  of  a  and  6,  which  may  be  determined 
in  various  ways,  but  most  directly  by  multiplying  both  sides 
of  the  equation  by  (m  —  a)  (m  —  6),  and  equating  coefficients. 
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Now  the  suggested  transformation  of  the  expression  for  u 
given  in  (21)  is 

And,  from  the  very  definition  of  inverse  forms,  the  proper  test 
of  the  validity  of  this  transformation  is,  that  the  performance  of 

the  direct  operation  l-j ^)(j 6]  on  the  second  member 

shall  reduce  it  to  X. 

Effecting  this  operation,  and  remembering  in  so  doing  that 
-J —  a  and  -i —  b  are  commutative,  and  that  by  definition 

(-^ —  ajli —  €l]   X—X,  the  second  member  becomes 

or  (JV;  +  i^,)^-(6J\^,  +  aJ^JX (24), 

and  this  reduces  to  X  if 

N^  +  N^=:0,    bN^  +  aN^  =  -l (25). 

But  these  equations  for  the  determination  of  ^j  and  JV,  are 
the  same,  and  necessarily  the  same,  asr  we  should  have  found 
by  multiplying,  as  above  indicated,  (22),  by  {m  —  a)  (w— i), 
and  equating  coeflScients.     The  two  series  of  operations  only 

differ  in  that  t-  occupies  in  the  one  the  place  which  m  occu- 
pies in  the  other.  Determining  N^,  N^,  we  see  that  u  may 
be  expressed  in  the  form 
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Hence,  by  (17), 

t^  =  ^W6-«*Xda?--€^[6-^'Z(&l (27), 

and  as,  on  effecting  the  integrations,  two  arbitrary  constants 
will  be  introduced,  this  is  the  most  general  value  of  u. 

5.     In  like  manner  if  there  be  given  the  general  linear 
differential  equation  with  constant  coefficients 

and  if  w^  represent  by  a^,  a,, ...  a^  the  roots, supposed  all  dif- 
ferent, of  the  algebraic  equation 

m*4-^iW""*  +  ^jjm""*...+^^  =  0 (29), 

then  the  given  equation  may  be  expressed  in  the  form 

whence 

the  decomposition  in  the  second  member  formally  resembling 
that  of  the  rational  fraction. 

If  the  equation  (29)  have  r  roots  equal  to  a,  there  will 
exist  in  the  resolved  expression  for  u  a  series  of  terms  of  the 
form . 

*  This  theorem  was  first  pnblished  in  the  Cambridge  Mathematical  JouT' 
nal  (1st  series,  YoL  n.  p.  114),  in  a  memoir  written  by  tl^  late  D.  F.  Gregory, 
then  Editor  of  the  Jonmal,  from  notes  furnished  by  the  anthor  of  this  work, 
whose  name  the  memoir  bears.  The  illustrations  were  supplied  by  Mr 
Gregory.  In  mentioning  these  circumstances  the  author  recalls  to  memory 
a  brief  but  valued  friendship.  [See  a  note  on  page  108  of  Boole*s  Finite 
Differences,  I860.] 
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or,  which  is  preferable,  a  single  term  of  the  form 

A,  B,...  B  being  determinate  constants. 

Now  since,  by  (17),  (-j —  a]  X=  c"*  je^Xclx ; 

therefore         (-1 —  a)  -^=(^ —  ctj  e"*  je'^Xdx 

=  €•' fe"^  (€«*[€-"  Xdx)  do? 

Proceeding  thus,  we  have 

^^_a)"x  =  €-*[...€--Xdaj' (33). 

This  equation  gives,  on  decomposing  the  complex  operation 
performed  on  y, 

therefore       y  =  ((^  +  2/ (^  +  l)  (^  -  l)}^X 
Now.      ...,  ^ =  f"^+l'-.-A^+       ' 


(m+2)'(OT+l)(m-l)      9(»»+2)'     2(ot+1)  ^  18(m-l)" 
Therefore 
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Ex.  2.    Given  ~  +  n\  =  X. 

(Mr 

Here  ,  ^~(^'^^')  ^' 

Now  K+ nv= a^^vFi)  [{^-^v(-i)r- W+nV(-l)n. 

But    e-^Vt-^^Je-^V-^^Xcir 

=  {cos  wa;  +  V(—  1)  sin  wx}  ]  I  cos  nx  Xdx  —  \/{—  1)  Isin  na;  Xcfccj- 

=  {cos  na;  —  \/(—  1)  sin  wx}  |  (cos  nxXdx-\-isJ{'- 1)  Isin  na?  Xdx\ , 
whence,  on  substitution  and  reduction, 

u  =  --{sin  nx  Icos  nxXdx—  cos  na;  Isinna;  Xdx\ . 

6.     When  the  second  member  X  is  a  rational  and  integral 
function  of  a;,  the  final  integration  may  be  avoided.    For, 

representing  the  given  equation  in  the  form/(-T-jw=X+  0, 

we  have 

"-{fm'^MW" • <'*>• 

A  particular  value  of  the  first  term  will  be  obtained  by  de- 
veloping t/(  3")[     in  ascending  powers  (so  to  speak)  of -7-, 

and  then  performing  the  differentiations  on  X,  while  the 
general  value  of  the  second  term  will  introduce  the  requisite 
number  of  arbitrary  constants. 
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Ex.     Given  -n  +  w*i*  =  1  -ha?  +  ic*. 

=  (n-" - «-*  ^  +  n-— - &c.)  (1  +  »  +  a^ 

+  C^  COS  fix  +  C^  sin  nx 

=  n"'(l  +  aj  +  a;*)  — 2m~*+  C^coanx+  C^amnx. 

The  validity  of  the  transformation  of  the  inverse  form 

\  fJT^  "*"  ^' J    ^y  development,  as  of  its  other  transformation  by 

decomposition,  is  tested  by  performing  on  the  result  the  direct 

operation  -Tji  +  n\    We  take  occasion  to  notice  that  diflferent 

transformations,  while  equally  valid,  do  not  of  necessity  con- 
d'uct  us  to  solutions  equally  general,  nor  have  we  any  right  to 
expect  that  they  should.  Each  solution  is  an  answer  to  the 
question  contained  in  the  given  inverse  form,  but  that  question 
may  admit  of  different  answers,  and  no  solution  is  general 
which  does  not  include  them  all. 

The  final  integrations  may  also  be  avoided  when  X  consists 
of  a  series  of  exponentials  of  the  form  e"**  with  coefficients 
which  are  either  constants,  or  rational  and  integral  functions 
of  a:. 

Since  [ -i-  1  €""  =  m"e"",  we  have,  for  all  interpretable  forms 
the  relation 


Mi)  ■ 

/©•"-/(•")'" <'''• 

the  second  member  expressing  the  complete,  because  the  only, 
value  of  the  first  member  when/f  -^  J  is  rational  and  integral, 


u 
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but  a  particular  value  of  the  first  member  whenyf-v-J  is 
inverse,  the  test  being  as  before. 

Hence,  if  the  given  equation  be/[ -7- j  m  =  S-4^€"**,  we  have 

=  S^„{/(m)re-  +  |/(^)|"o (36). 

the  second  term  introducing  the  requisite  number  of  arbitrary 
constants. 

Again,  if,  in  any  expression  of  the  form  /  f -7-  je"**-X,  we 

convert  -T-  into  -T^+-r ,  where  -^  operates   on   x  only   as 
CUV         cLx     (too  (too 

J 

contained  in  e"**,  and  -r^  operates  on  x  only  as  contained  in  X, 
we  have 

Hence,  dropping  the  suffix  which  is  no   longer  necessary, 
since  X  alone  follows  the  operative  symbol,  we  have 

•^(l)^"'^=^"'A^+-)^ (37). 

When  therefore  X  is  a  rational  and  integral  function  of  x,  a 
particular  value  of  the  first  member  may  be  found  from  the 
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second,  by  developing  the  functional  symbol  and  effecting  the 
differentiations.  And  that  particular  value  may  be  made 
general,  as  in  the  following  example. 

Ex.     Given  -j-^  —  S-,   +  2m  =  xe^. 
dx        ax 

H-»-{(i-0(^-C---{(i-')(l-C« 

1 2ot-3  d      ,   \ 

Xm-l)(m-2)     {{m-l){m-2)Ydx'^      r 


_  a;^'" (2m-3)f''"       ,  r^  i  r^r" 

~  (m-l)(m-2)     {(m-l)(TO-2)j'''^    '    "^    •    * 

Again,  the  theorem  (37)  relieves  us  from  any  difficulty  arising 
from  cases  of  failure  referred  to  in  Chap.  ix.  Art.  9. 

Ex.     Given     (  j — a)  «  =  ^. 

When  the  second  member  X  involves  terms  of  the  form 
A  cos  mWy  B  sin  mXy  &c.,  we  may  either  substitute  for  them 
their  exponential  values,  or  we  may  employ  directly  the  easily 
demonstrated  theorem 

•^l^Jcos^==-^("^)cos^- 
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Ex.  •  Given  -r-^  +  nV  =  Sa^  cos  (t/w?  +  6), 

T-^  +  w*)    Sa^cos  (ma;  +  6)  +  f-T-^+ n*j    0 

^a  cos(ma?  +  6)  ,  ^  .  zy    • 

=  S  -^ — a  -  -   a  — ^  +  C7,  cos  nic  +  C7,  sin  n^. 

In  this  example,  however,  the  failing  case  which  represents 
itself  when  w  =  n,  is  most  simply,  though  not  most  satis- 
factorily, treated  by  the  methods  of  Chap.  ix.  Art.  11. 

The  reduction  of  an  integral  of  the  vl^  order  by  the  fore- 
going theory  is  not  devoid  of  elegance. 

We  have 

Now  let  a?  =  e*,  then 
dX        adX 


dx  dd' 


d^X        -  d     ^dX 


=^-"(#^-^)r^^'^y(37)- 


da?  de      dd 

Proceeding  thus,  we  have 

d.^—      (^-«  +  l)(|-«  +  2)...|x...(38),  . 

and  therefore  the  operation  denoted  ^7  (  j~  ]  >  and  the  com- 
pound operation  denoted  by 

are  absolutely  equivalent.  Hence  inverting  both,  and  ob- 
serving that  the  inversion  of  the  latter  involves  the  inversion 
of  the  order  of  its  component  symbols,  we  have 
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-i.2...\,.-i){(i-''^'r-<-')(i-°-^f 

=  T-K-4 tn  U"'  \^^^  -  (n  - 1)  a;"-"  \xxdx 

1.2... (n  —  1;  (.       J  J 

the  result  in  question. 

From  (38)  we  have  the  theorem 


which  is  important   in  the  transformation  of  difiFerential 
equations. 

» 
Forms  purely  symbolical, 

7.  In  any  system  in  which  thought  is  expressed  by  sym- 
bols, the  laws  of  combination  of  the  symbols  are  determined 
from  the  study  of  the  corresponding  operations  in  thought. 
But  it  may.  be  that  the  latter  are  subject  to  conditions  of 
possibility  as  well  as  to  laws  when  possible.  And  thus  it  may 
be  that  two  systems  of  symbols,  difiFering  in  interpretation, 
may  agree  as  to  their  formal  laws  whenever  they  both  express 
operations  possible  in  thought,  while  at  the  same  time  there 
may  exist  combinations  which  really  represent  thought  in  the 
one  but  do  not  in  the  other.  For  instance,  there  exist  forms 
of  the  functional  symbol/,  for  which  we  can  attach  a  meaning 
to  the  expression /(m),  but  cannot  directly  attach  a  meaning 
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to  the  symbol /f -J- j.  And  the  question  arises:  Does  this 
difference  restrict  our  freedom  in  the  use  of  that  principle 
which  permits  us  to  treat  expressions  of  the  formy( -r- J  as  if 

-7-  were  a  symbol  of  quantity?    For  instance,  we  can  attach 


^^ 


no  direct  meaning  to  the  expression  e  **/(a?),  but  if  we  de- 
velope  the  exponential  as  if  -r-  were  quantitative,  we  have 


*#_ 


d        1     ,„  e? 


=f(x  +  h)  by  Taylor's  theorem. 

Are  we  then  permitted,  on  the  above  principle,  to  make  use 
of  symbolic  language ;  always  supposing  that  we  can,  by  the 
continued  application  of  the  same  principle,  obtain  a  final 
«  result  of  interpretable  form? 

Now  all  special  instances  point  to  the  conclusion  that  this 
is  permissible,  and  seem  to  indicate,  as  a  general  principle,  that 
the  mere  processes  of  symbolical  reasoning  are  independent  of 
the  conditions  of  their  interpretation.  In  the  few  instances 
we  may  have  occasion  to  employ,  verification  will  be  easy. 
We  take  occasion  to  notice  that,  whatever  view  maybe  taken 
of  this  principle,  whether  it  be  contemplated  as  belonging  to 
the  realm  of  a  priori  truth,  or  whether  it  be  regarded  as  a 
generalization  from  experience,  it  would  be  an  error  to  regard 
it  as  in  any  peculiar  sense  a  mathematical  principle.  It 
claims  a  place  among  the  ^renerai  relations  of  Thought  and 
Language, 

On  the  principle  above  stated  we  should  have 

=f{x  +  h,y  +  k). 
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And  here,  the  expression  e  "^  **',  which  is  without  meaning 
in  itself,  is  to  be  regarded  simply  as  the  representative  of  the 
expression 


which  has  meaning.     And  the  proper  test  of  the  validity  of 
the  symbolic  equation 


d        d  d         d 

_    d*      dy _    d«  _    dif 

€  =6       € 


consists  in  substituting  for  each  exponential  form  the  series 
it  represents,  and  comparing  the  finally  developed  results, 
just  as  we  should,  by  developing  the  exponentials,  verify  the 
algebraic  equation, 


Jbm+tn Jkm   tn 


It  must  be  noted  that  -j-  and  -j-  are  commutative,  and 

ax  ay 

combine,  in  all  respects,  like  symbols  of  quantity.     We  are 

«+-  -  d 

not  permitted  to  write  e   ***  =  e*€*^,  because  x  and  -r-  are  not 

commutative. 

8.     The  above  principle  is  illustrated  in  the  solution  of 
the  following  partial  diflferential  equations. 


Ex.     Given  ^  -  »'  ^^  =  ^  (^>  Vl 


=  (2a  l-y'je'^Je""'^' c/>  (ar,  y)  dx-e'''^jr^^4>{x,  y)  dx 


/ 
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the  forms  of  ^^  and  <E>,  being  given  by  the  equations 

-^  {y)  and  ;^  (y)  being  arbitrary  ftmctions  of  y. 
If  ^  («,  y)  =  0,  we  hence  fincj 


^  =  ^/{^(y 


+  cw;)-x(y-aa:)[rfy. 


or,  if  we  represent  -^\'>^  (y)  e7y  by  '>^^  (y),  and  ^^  j;^  (y)  Jy 

tt='^i  G^ + «^)  +Xi  (y  ~  ^•^)- 

As  -^  and  ;^  are  arbitrary,  ^^  and  ;^  are  so  too.  This  agrees 
with  the  result  on  p.  370. 

Ex.     Given^  +  ^.  +  ^  =  0. 

We  may  put  this  in  the  form  -j-j  +  aw  =  0,  where  a  stands 

for  —J  +  -7-5^ ,  and  integrate  with  respect  to  a?,  as  if  a  were  a 

constant  quantity.  Remembering  that  the  two  arbitrary  con- 
stants of  the  complete  integral  must  then  be  replaced  by  two 
arbitrary  functions  of  y,  5,  we  get  the  symbolical  solution 

Developing  the  cosine  and  the  sine,  and  replacing 


(dP  +  rf?)^(2^'^J 


by  a  new  arbitrary  function  %  (y,  z)y  we  have 

B.  D.  E.  26 
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5'  /d*  .  (? 


u 


=<^(3'>^)-i^(^+dp)^(y.-) 


+r:^(^+£y^^'")-*^- 


+ 


a^(y.«)-i;5;5(^+^«)x(y.^) 


Ufider  this  form,  the  solntion  is  presented  by  Lagrange  in  the 
M4canique  Analyiique,  Tom,  ii.  p.  320, 


Generalization  of  the  foregoing  theory, 

9.     All   equations,   whatsoever  their  nature  or  subject, 
whidh  are  expressible  in  the  form 

{7r''  +  Ay'  +  Ay:..  +  AJu=^X, (1), 

where  ir  is  an  operative  symbol  subject  <to  the  laws 

irau  =  airu,    ir  (u  +  v)  =  iru  +  irv,    tt^tt^'u  =  tt"*"^  w, 

a  being  a  constant  and  u  and  v  functions  of  x,  admit  of  trans- 
formations analogous  to  those  of  Art,  5. 

Thus,  since  w  =  (tt"  +  A^'^  +  Ay^...+  A  J''  X, 

we  shall  have,  when  the  roots  a^,  a^y.^.a^  of  the  auxiliarj^ 
equation 

w"  +  A^mT^  +  A^mT^...  +  ^^  =  0 
are  real  and  unequal,  the  transformation 
z^  =  i\^,(7r'-aJ-^X+^,(7r-a,rX...+iV^.(7r-aJ-»X..(2), 
the  coefficients  N^,  N^,.,,N^  being  determined  as  in  Art.  5. 

The  legitimacy  of  this  transformation  is  proved  by  operating 
on  both  sides  of  (2)  with  7r'*  + Jj7r'*"\.. +  -4„,  and  shemng 
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that  (1)  is  reproduced  with  the  same  conditions  for  deter- 
mining iVj,  ^g, . . .  ^^  as  if  TT  were  a  symbol  of  quantity.  But 
the  question  of  its  completeness,  of  its  conducting,  through  the 
performance  of  the  inverse  operations  {ir  —  a^y\  &c.,  to  the 
most  general  solution  of  (1),  is  one  that  we  are  not  called  upon 
to  determine  a  priori.  In  all  the  cases  we  shall  have  to  con- 
sider, its  completeness  will  be  obvious. 

Ex,    The   equation  -r^-{2x  +  l)~  +  {a? ■\-x-l)  u^O 

is  reducible  to  the  form  tt  (tt  —  1)  w  =  0  where  tt  =  ^ —  a?. 

Hence 

w=(7r--l)-'0-.7r-'0. 

Let  {it  —  1)"*  0  =  y,  then,  since  (tt  —  1)  y  =  0,  we  have 
In  like  manner,  if  7r"^0  =  z,  we  find 

Therefore  w  =  c^e    ^    —  c^e^ , 

A  very  interesting  application  of  the  same  theory  to  the 
solution  of  partial  differential  equations  is  afforded  by  what 
Mr  Carmichael  has  termed  the  index  symbol  of  homogeneous 
functions.  Cambridge  and  Dublin  Math.  Journal,  Vol,  vi. 
p.  277, 

Since,  if  u^  represent  a  homogeneous  function  of  the  a^ 
degree  of  the  variables  x^,  x^,.,,x^,  we  have 

du^        du^       .      *du^  ,-, 

J  J 

it  follows  that,  if  we  represent  the  symbol  x^-r^  ,,,-{■  x^-j-^^ 
by  TT,  we  shall  have 


7rtf„  =  ai/^,    ir^u^^ahi^  &c. 


26—2 


404  GENERALIZATION  OF  THE  [CH.  XVI. 

and  therefore,  in  accordance  with  the  reasoning  of  Arts.  3 
and  4}, 

f{ir)u^^f{a)u^ (A)y 

an  equation  of  which  the  second  member  expresses  the  com- 
plete, because  the  only,  value  of  the  first  member  when/{7r) 
is  rational  and  integral,  but  a  particular  value  when  the  first 
member  contains  inverse  factors. 

Hence,  if  we  have  any  equation /(tt)  w  =  X,  where /(tt)  is 
of  the  form  -tt"  +  Ay~^  +  ^ jTt*'*  . . .  +  A^,  and  X  is  a  series  of 
homogeneous  functions  of  the  variables,  suppose 

X=X.  +  X,  +  ...&c., 

we  get 

«  =  {/(7r)rX  +{/«}- 0 

= {/ wr  ^. + {/ w}-'x. ... + {/wi-o 

=  {/  (a)}-'  X,  +  {/(J)}-'Z. ...  +  {/ WrO,  by  {A). 

To  find  the  value  of  the  last  term,  we  proceed,  as  in  Art.  5, 
to  reduce  it  to  a  series  of  terms  of  the  form  -4,  (tt  — a)''0, 
i  being  the  number  of  roots  equal  to  a  of  the  equation/ (m)=0. 
Now  it  may,  by  an  induction  founded  on  successive  applica- 
tions of  Lagrange's  method  for  the  solution  of  linear  partial 
diflferential  equations  of  the  first  order,  be  shewn  that 

(7r-a)-'0  =  w.(loga?J'-^+t;,(loga?,y-«...  +  t^a...(B). 

w^,   v^, w^  being   arbitrary   homogeneous  functions  of 

a?j,   x^y ^n  of  ^^^  ^^  degree. 

To  this  result  we  may  give  the  symmetrical  form 

i,  My  &c.  being  logarithms  of  any  homogeneous  functions 
which  are  not  of  the  degree  0. 

It  remains  to  shew  how  it  may  be  ascertained  whether  a 
proposed  partial  differential  equation  can  be  reduced  to  the 
form/(7r)  u  =  X, 
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Let  us  resolve  each  symbol  i— ,  entering  into  ir,  into  two, 

and  let  -7-  represent  -y-  as  operating  on  x^  only  as  entering 

*  ^//     \  * 

into  w,  and  -r-  only  as  entering  into  tt.    Also  let 


X.  -J — Voo^-j—  ...  +&C,  =  7r',  and  x.  -j — i-x^^ — h  &c.  =  w' 
^dx^       ^dx^  ^dx^       ^dx^ 

It  is  easily  seen  then  that  tt  =  tt'  +  tt".  We  have  therefore 
IV  u  =  (tt  —  tt")  w  =  ttw  ; 

therefore  tt' V  =  (tt  —  tt")  ttw ( (7) . 

But  as  tt",  in  (0),  operates  on  the  variables  only  as  entering 
into  TT,  which  is  a  homogeneous  function  of  those  variables  of 
the  first  degree,  we  may  replace  it  by  unity.  We  have  there- 
fore Tr%=  (tt  — 1)  ITU.  In  the  same  way  it  may  be  shewn 
that tt"*?^  =  (-TT - r  + 1)  (tt  —  r  +  2)  ...  ttw.  And  thus  it  is  seen 
that  any  partial  dififerential  equation  which  is  expressible  in 

the  form  /{tt)  u=  X,  on  the  hypothesis  that  -j— ,   -j-  ^  &c. 

operate  on  the  variables  only  as  entering  into  u,  is  reducible 
to  the  form  ^  (tt)  w  =  X,  independently  of  such  restriction. 
This  reduction  having  been  eflfected,  the  solution  can  be  found 
by  means  of  {A)  and  (B),  whenever  the  second  member  con- 
sists of  one  or  more  homogeneous  functions  of  a;^,  x^, ...  x^. 

Ex.    «^^^a-l-2^i^5^  +  2/'5^.-^(^^  +  2/^j+^^ 

Here  we  have  (tt'*  — «7r'+n)  w  =  ^'  +  y*+iic'. 
Therefore  {tt  (tt  —  1)  —nir +n]u=:a?  +  y^  +  x^, 
or  (tt  —  w)  (tt  —  1)  Ti  =  aj'  +  y^  +  x\ 
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whence 

^^={(7r~n)(7r-l)P{a?  +  3/'  +  a?'}+{(7r-72)(7r^l)}-^0 

_        a?-k-f  of 

"■(2-«)(2-l)"^(3-7i)"(3-l)"^^*"^^^' 

-w^,  Vj  denoting  arbitrary  homogeneous  functions  of  the  degree 
n  and  1  respectively. 

10.  We  may,  by  simple  transformations,  reduce  to  the 
above  case  various  other  classes  of  equations  diflfering  from 
the  above  only  as  to  the  form  of  tt;  e.g.  the  class  in  which 

'^  "  ^^^^  d^  "^  ^»^«  d^  •  •  •  "^  ^^^^  d^  '  ^^*'  passing  over  such 
special  forms,  we  shall  consider  the  general  equation/'(7r)tt= J, 
where 

and  each  of  the  coefficients  Jf^,  X^, ...  X^,  as  well  as  X, may 
be  any  function  whatever  of  the  independent  variables.  And 
we  design  to  shew,  first,  how  it  may  be  determined  whether  a 
given  equation  admits  of  reduction  to  the  more  general  form 
above  proposed;  secondly,  how,  then,  to  integrate  it. 

Suppose  the  given  equation  of  the  n*^  order;  then  the 
symbolical  form  in  question,  should  the  proposed  reduction  be 
possible,  will  be 

(7r''  +  Ay^  +  Ay^...+A^u^X. (4). 

Now  the  highest  differential  coefficients  in  the  given  equation 
will  arise  solely  from  the  symbol  tt**,  and  the  terms  in  which 
they  occur  will  enable  us  to  determine  the  form  of  tt.  Thus, 
for  two  variables,  we  have 

\     dx       ay  I  oaf  dxdy         dy 

JL.  (m—a-N—^  —  4-  fu—A-N—]^ 
\      dx  dy  J  dx     \      dx         dyjdn' 
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,  .  ,   ^,     .  ^  .  .      cPu       ePw      d^u        ^y 

in  which  the  terms  containing  -y-^ ,    t-j-  >   ~ir\  ^-re  the  same 

as  they  would  be,  if,  in  the  first  member,  -j-  ,  -v-  were  sym- 
bols of  quantity.  And  this  law  is  general  for  the  highest 
differential  coefficients. 

Again,  the  form  of  ir  being  determined,  the  values  of 
A^,  J.J, ...  will,  whenever  the  proposed  reduction  is  possible, 
be  found  by  effecting  the  operations  implied  in  the  first 
member  of  (4),  and  comparing  with  the  first  member  of  the 
equation  given^ 

Suppose  the  equation  reduced  to  the  form^  (4).  Then,  if 
the  auxiliary  equation 

m*  +  J,m"-^-|--4X"^...  +  J^  =  0 (5) 

have  its  roots  all  unequal;  we  have  a  series  of  terms  of  the 
form  (tt  —  a)"^X;  and  each  such  term  involves  the  solution  of 
a  partial  differential  equation  of  the  first  order  of  the.  form 

r 

But,  if  the  auxiliary  equation  (5)  have  equal  roots,  partial 
differential  equations  of  higher  orders  will  present  themselves. 
We  deem  it  therefore  important  to  shew  how  thi&  difficulty 
may  be  avoided,  or,  to  speak  more  precisely,  how  its  solution 
may  be  made  to  flow  from  that  of  the  corresponding  case  of 
linear  differential  equations  with  constant  coefficients; 

Introduce  a  new  system  of  independent  variables  y^y%i  •••Jfnf 
so  conditioned  as  to  give  tt  =  -^ .  To  prove  that  such  a  sys- 
tem exists,  and  to  discover  it,  let  us  assume  yity^y-l/n*  ^^ 
succession,  as  subjects  of  the  above  symbolical  equation,  and 
examine  whether  the  results  are  consistent.  And  first,  assum- 
ing y^  as  subject,  we  have 
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Secondly,  assuming  y^,  representative  of  any  of  the  remain- 
ing variables  ^,,^3,...^,,  as  subject,  we  have  the  equation 


It  follows  from  the  above  that,  if  we  integrate  the  auxiliarj' 
system 

x""x-""x, ^^^' 

the  values  of  y^,  J/sy"  Vn  ^"^  ^  *^®  ^^s*'  members  of  the 
integrals  of  that  system  expressed  in  the  form 

y2=«a>y«=«s--y.='« (9)- 

And  it  follows  from  (6)  that  if,  from  the  system 

differing  from  (8)  only  in  that  it  contains  one  additional  mem- 
ber dy^y  we  deduce  an  additional  integral  equation  connectiDg 
y^  with  the  original  variables  x^^  x^, ...  a?^,  that  equation  will 
give  the  value  of  y^.  We  see  that  the  number  of  distinct 
auxiliary  equations  is  precisely  equal  to  the  number  of  quan- 
tities to  be  determined,  so  that  the  scheme  is  a  consistent  one. 

The  solution  of  the  problem  is  therefore  virtually  dependent 
on  the  partial  differential  equation  (6),  from  the  auxiliary 
system  of  which,  (10),  it  suffices  to  deduce  n  integrals,  one 
expressing  y^  in  terms  of  x^,  a;,, ...  x^,  the  others  determining 
y^*  y^f  -f •  y«>  ^  functions  of  Xj^,  a?,, ...a?^,  in  the  forms  (9).  To 
the  arbitrary  constant  in  the  value  of  y^  we  may  give  any 
value  we  please. 

Introducing  the  new  variables,  the  equation  given  now  as- 
sumes the  form 


/(^-)w  =  ^(ypy«>-2^nX 


which  must  be  integrated  as  if  z^  and  y^  were  the  only  varia- 
bles, an  arbitrary  function  of  5^3,  y^f^^y^  being  introduced  in 
the  place  of  an  arbitrary  constant.  Finally,  we  must  restore 
to  2^1,^2, ...  2/tt  their  values  in  terms  of  a?^,  x^,...  x^. 
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Ex.    Given  (l-^)«g  +  2(l-:0(l-«2^)^^ 

+  (i-a!y)'|^-2x(i-aog-(«^+y-2x'2/)g+»«M=o. 

Here,  the  form  of  the  first  three  terms  shews  that  we  must 

d  /J 

have  TT  =  (1  -=-  aj*)  -7-  +  (1  —  xy)  -j^ ,  and  the  equation  assumes 

the  form 

(tt*  +  n*)  w  =  0. 

To  avoid  the  difficulty  arising  from  the  imaginary  factors 
of  TT*  +  w*,  let  us  assume  two  new  variables,  a;'  and  y,  such 

that  we  may  have  w  =  -^ .    Then  by  (10) 

l—a?     1  —  xy  " 

corresponding  to  which  we  have  the  integral  systems 


^/(' 


Hence,  if  we  assume 

we  get  the  transformed  equation 

therefore  u  =  cos  nx'(f>  {y)  +  sin  nx'^  (y'), 

or,  restoring  to  x'  and  y'  their  values, 


u 


_{„,.,y(x±l)|,_E^^ 


+  sin^nIogy(^)|f 


y  —  iP 
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EXERCISES. 

1     ^-2-^4.^  =  6* 
daf        dx^     dx 

dx         dx 

3.    Determine  the  solution  of  the  above  equation  when 
m  =  2. 

CbX  CLX 

__  f 

5.      -T-,  +  3;7-  +2tt  =  COS77U?. 

C.    Solve  the  equation  [ -^ a  j  w  =  cos  ma?. 

In  the  above  example  it  will  be  most  eonyenient  to  proceed  thns ; 

"-(£-")""""'+(s-")  *° 


cos  ma; +  c'**r^  J     0 


7.    Solve  the  equation  f -^ —  a  J  w  =  €*  cos  ma?. 

o      ^^^  .  o       ^««    ,    9<?t^        (  du  ^     d\i       \     ^ 
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10.  Solve,  by  the  method  of  Art.  10,  the  equation 

11.  The  solution  of  any  equation  of  the  form 

may  be  reduced  to  that  of  two  linear  equations  of  the  first 
order. 
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CHAPTER  XVII. 


SYMBOLICAL  METHODS,  CONTINUED. 

1.  The  classes  of  equations  considered  in  the  last  chapter 
might  all  be  gathered  up  into  the  one  larger  class  repre- 
sented by 

/  W  u  =  X, 

TT  being  a  symbol  combining  with  constant  quantities  as  if 
it  were  itself  a  symbol  of  quantity.  But  linear  differential 
equations  do  not,  except  under  particular  conditions,  admit 
of  expression  in  this  form.  Those  which  are  of  the  ordinary 
species  involve  in  their  general  expression  two  symbols,  x  and 

-T- ,  operating  in  combination  on  the  sought  and  dependent 

variable  y ;  and  no  substituted  form  of  such  equations  is 
general  which  introduces  fewer  than  two  symbols  in  the  place 

of  X  and  -j-  .  We  propose  in  this  chapter  to  e'biploy  a  trans- 
formation which  is  general,  and  which  is  adapted  in  a  very 
remarkable  degree  to  the  development  of  general  methods  of 
solution.  A  somewhat  fuller  account  of  it  will  be  found  in 
a  memoir  on  a  General  Method  in  Analysis  (Philosophical 
Transactions  for  1844,  Part  n.).  Other  principles  and  other 
methods  will  also  be  noticed. 

The  following  theorems,  demonstrated  in  Chap,  xvi.,  will 
frequently  recur. 

If  a:  =  e*,  and  if  -r^  be  represented  by  D,  then 

a,"g  =  i?(i?-l)...(2)-n  +  l)« (1), 

while  the  relations  connecting  -^  and  ^  become 
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f{D)  €-^=f{m)  €-^ (2), 

f  {D)  e'^u^  e^f{D  +  m)  u (3). 

The  latter  of  these  relations  enables  us  to  transfer  the  ex- 
ponential e**^  from  one  side  of  the  expression /(D)  to  the  other, 
by  changing  D  into  2>  ±  m,  according  as  the  transference  is 
from  right  to  left  or  from  left  to  right  Thus,  as  another  form 
of  (3),  we  should  have 

e^9f(I))u=rf{D-m)^^u (4). 

It  is  an  immediate  consequence  of  the  above  theorem  that 
every  linear  differential  equation  which  can  be  expressed  in 
thejbrm,  v 

(a+6a?+ca;V.0^;+(a'+6'a?  +  cV..0^pf  +  &c.= 

can  be  reduced  to  the  symbolical  form^ 

fo{D)u+f,{D)^u+f,(D)e^u  +  &c,  =  T (6), 

where  T  is  a  function  of  6, 

For  multiplying  the  given  equation  by  a;",  and  assuming 
a:  =  €*,  the  first  term  of  the  left-hand  member  becomes,  by  (1), 

(a  +  J6«  +  ce^^-H&c.)  jD (i?- 1)  ...  (i)  - n+  1)  w, 

and  this  is  reducible,  by  (4),  to  the  form 

a2>(i?-l)...(i)-n+l)w+6(Z)-l)(i)-2)...(2?-w)€^M 

+  c(Z>-2)(i)-3)  ...(i)-W-l)€2«l^  +  &C., 

each  term  of  which  is  of  the  general  form  <j>  (D)  e^u.  The 
other  terms  of  the  first  member  of  (5)  admitting  of  a  similar 
reduction,  while  the  second  member  becomes  a  function  of  d, 
the  equation  itself  assumes  the  symbolical  form  (6). 

Ex.  1.    Given  ^  »  —  »'«*  =  0. 

Multiplying  by  aj*,  and  transforming  as  above,  we  get 
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Ex.  2.    Given  (1  +  ax*)-r-^  +  ax-j- ± n*u  =  ^(x). 

Multiplying  by  x\  we  have,  by  (1), 

{1  -^-ae^)  D {D^l)  u-b ae^ Du  ±rJ'€^ u^ e^ 4>  {^). 
But 
€2«D(2)-l)2^=(Z)-2)(Z)-3)€%;  and  e^Du  =  {D-2)^u, 

whence,  substituting,  and  collecting  together  terms  like  with 
respect  to  the  exponentials,  we  have 

as  the  symbolical  form. 

To  return  from  the  symbolical  to  the  ordinary  form  of  a 
diflFerential  equation,  we  must,  by  (3),  transfer  the  exponentials 
to  the  left  of  each  symbolic  function  ^(2)),  convert  the  latter 
into  a  series  of  factorials  of  the  form  2>  (i)  —  1) , . .  (Z)  —  n  + 1), 
and  then  apply  the  transformation  (1). 

Ex.  3.    Given  D {D-1)  u  +  D {D  +  1)  ^u=^ 0. 

We  have  in  succession, 

Therefore,  dividing  by  x, 

(a?  +  a^)g  +  4x^  +  2w  =  0. 

A  symbolical  equation  which  has  only  two  terms  in  its  first 
member  may  be  termed  a  binomial  equation ;  one  which  has 
three  terms  a  trinomial  equation,  and  so  on.  We  may  deter- 
mine by  inspection  to  which  of  these  classes  an  ordinary 
differential  equation  is  reducible.  For  multiplying  it  by  such 
a  power  of  x  as  to  permit  its  expression  in  the  form 
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where  -4,  B,  &c.  are  algebraic  polynomials  with  respect  to  a?, 
the  number  of  distinct  powers  of  x  involved  in  those  polyno- 
mials will  determine  ^the  number  of  terms  in  the  reduced 
symbolical  equation, 

Ex.  4.    Thus  the  equation 

being  expressed  in  the  form 

it  is  seen  that  its  symbolical  form  will  be  trinomial,  since 
the  terms  within  the  brackets  involve  x  in  the  degrees  0, 
1,  and  2. 

[See  the  Supplementary  Volume,  Chapter  xxx.  Art.  1.] 


Finite  solution  of  differential  equations  expressed  in 

the  symbolical  form, 

2.  If  we  affect  both  sides  of  the  symbolical  equation  (C) 
with  {fo(D)}-\  then  iorf{D)y^{D)  write  ^^[D)  &c.  and  for 
UoiP)Y^T  write  U,  we  shall  have 

u^^if>,{B)e'u^-ii>^{D)e^u...^-4>^{D)e'^u^U. (7); 

and  under  this  form  the  equation  will  be  discussed  in  the  fol- 
lowing section. 

PfiOP.  I.     The  equation 

u  +  a,^{D)e^u  +  aji>{D)  «^  (i)  -  1)  e^^w... 

+  a„<^(D)<^(D-l)...^(i)-n+l)e'^M=t;...(8) 

may  he  resolved  into  a  system  of  equations  of  the  form 

U''q<f>{D)€^U^  U, 
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(lie  values  ofg^  being  determined  by  the  equation 

?"  +  a,g*-*  +  a,?"-* ...  +  a.  =  0. 
For 

and  in  general 

^  (D)  0  (D - 1) ...  <^  (2)  -  w  + 1)  €"«t*  =  {^  (jD)  €^}"t*. 

So  that,  if  we  represent  the  symbol  0  {D)  ^  by  p,  the  equation 
in  question  becomes 

(1  +  a^/o  +  ajp* ...  +  aj)*)  u-JI\ 

therefore  w  =  (1  +  a^p  +  a^p' . . .  +  aja")"*  CT 

={-^"xa-?.pr+-2v.(i-?^r...+iv.(i-jj,)-)D; 

provided  that  Jp  S'g...?^  are  roots  of  the  equation 

?*  +  «i2""'  +  a,?''"' ...  +  a^  =  0, 
and  that  N^y  N^...N^  are  of  the  forma 


N=.. — , ,  y- 


n-l 


'     (?i-?2)(?i-2»)--(?i-2») 

JT  -- Si 

Let  (1  —  JiP)~*  Z7=  w^,     (1  —  Jjp)"*  U=^  Wj,  and  so  on,  then 

u  —  Njii^  +  Jfjt^j,...  +  -R^^w^, 

where,  in  general,  w,  is  given  by  the  solution  of  the  equation 

u,-q^(f>{D)^u,=  U (9). 

The  solution  of  the  general  equation  (8)  is  therefore  dependent 
on  that  of  the  binomial  equation  (9). 

A^hen  <^  (D)  is  of  the  form  D"*  the  equation  (8)  corresponds 
to  the  ordinary  linear  dififerential  equation  with  constant  co- 
efficients. 
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q' 


Thus  the  equation  u  —  r)/i^_i\ ^^^  =  ^>  which  may  be 
integrated  by  the  above  process,  is  only  the  symbolical  form 
of  the  equation  ^T-j  —  j'tt  =  0  (see  Ex.  1);  and  its  solution, 
expressed  in  terms  of  x,  is 

In  like  manner  the  equation  u  +  yrz^ — ^  ^u  =  0  has  for 

its  solution,  expressed  in  terms  of  x, 

u=^  C  cos  qx  +  C"  sin  qx. 

But,  when  (f>  (D)  is  not  of  the  form  2>"*,  the  equation  (8) 
will  represent  an  ordinary  equation  with  variable  coefficients. 

Ex.  5.     Given 

(a?^3j,^  +  2x*)^+(ix^6x')'^  +  (2  +  6x)u  =  (juo\ 
The  symbolical  form  of  this  equation  is 

+  2  (Z>-  2)  (i>-  3)  €2^M  =  ae'^, 
.whence 

"*     -^iJ  +  a*  "  +  -(/?  + 2)  (i?+l)'^"-(n+ 2)  (»*  +  !)' 

J9  —  2  ae"* 

or,  putting        i,qr2^  =  P'    (;rT2)-(M:i)  =  ^' 

(1  -  3/j  +  2/>') «  =  r. 

H^°^«   "=i-3^2p'^°(r^-r^p)^ 

=  2Ki-M, (a), 

where  m,  =  (1  -  2/3)'' T,    «,=  (l-p)-'r. 

B.  D.  E.  27 


418  FINITE  SOLUTION  OF  DIFFERENTIAL      [CH.  XVII. 

From  the  former  we  have  ♦ 

whence  (Z?  +  2)  w,-  2  (Z)-  2)  ^u.  =  ^^ ; 

71+1 

and  this  gives  {x-2x^)  .-^ +  (2  +  2x)u^  = (6). 

CLOS  7lf  "7"  JL 

In  like  manner  we  find,  for  w^, 

(,_^)^.+(2+.)„.=--; (c). 

The  valaes  of  u^  and  u^,  determined  from  (6)  and  (c),  and 
substituted  in\(a),  will  give  the  complete  solution. 

If  a  =  0,  we  find  u  =  — ^-^^ ^—^ — ^ • 

X 

3.    We  proceed  to  consider  more  fully  the  theory  of  the 
binomial  equation 

w  +  ^(7))€'^M=Z7 (10). 

Peop.  II.     The  equation  u  +  <f){D)  e^u  =  UvnU  be  converted 
into  V  +  <I>(D  +71)  e^v  =  F,  by  the  relations 

For  assume  u  =  e^v,  and,  substituting  in  the  original  equa- 
tion, we  have 

€^v  +  ij)  {D)  e^^-^^^v  =  U; 
therefore  e'^v  +  e^^<f>  {D  +  n)  e^v  =  U,  by  (3), 

V  +  ^  (i>  +  n)  e'^i;  =  €"^W. 
Let  27=  €^^V\  then  the  above  becomes 

as  was  to  be  shewn. 

Thus  in  any  binomial  equation  we  can  convert  (f>  (D)  w^^ 
^  (D  +  n)yn  being  any  constants 


j 
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Prop.  III.    The  equation  u  +  (f>  (B)  e'^u  =  JJmll  be  converted 
into  V  +  '\^  {D)  €^v  =  V,  by  the  relations, 

where  P^      .J.  denotes  the  symbolical  product 

4>(D)<l>{D'-r)<f>(D-2r)... 
-^(Z)) '4r(J9- r) i|r  (2>- 2r-)  ... ' 

For,  assume  w=/(i>)  v,  and,  substituting  in  the  original 
equation,  we  have 

f{D)v  +  <l,{D)^f(I))v=U; 

therefore        f(J))v  +  4>  {D)f  (D  -r)e*v=:'  U,  by  (4), 

v+^^^f^^v=\f{D)rU. (11). 

Comparing  this  with  the  equation  v-\-'^  {D)  e^v  =  V,  we 
have 

/(i>)  ^  ^   ' ' 

therefore  /(i))=^)/(2)_r), 

Henc^'  fiD-r)^^^yf{D-2r), 

and  so  on ;  wherefore  the  value  of  f(D)  -will  be  represented 
by  theinfinite  product  y^^^^^^^_^^;|^^^_g^^.  Hence 
(11)  becomes 

with  the  relations 

"-f-yi-  ^-'P'lw'' ••••"^)- 

27—2 
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As  this  proposition  is  of  great  importance  in  the  solutiou 
of  differential  equations,  it  will  be  proper  to  examine  the 
conditions  which  its  application  involves.  Evidently  they 
consist  in  such  a  choice  of  the  form  of  yjr  {D)  as  will  render 

the  symbolical  product  Pr^(jy\  fii^ite,  and  the  transformed 
equation  (11)  integrable. 

That  the  expression  of  P^  rjij.  ^^^7  ^^  finite,  it  is  suf- 
ficient that  for  every  elementary  factor  'x^  (D)  occurring  in 
the  numerator  there  should  correspond  a  similar  factor 
x{D  ±  ir)  in  the  denominator,  i  being  any  integer  or  0 ;  and 
vice  versa  ;  for 

p      XJD)     ^  xiD)xiD-'>-)x{D-^r) . . . 

1 


X  (-D  +  ir)  X  {Z)  +  (i  -  1)  r} ...  X (X»  +  r)' 
which  is  a  flaite  expression.    Again    . 

P      X(-P)     ^  X  (-P)  X  (-P  -  ^)  — 

^r^^D^ir)     xiD-ir)x{D-{i  +  l)r]... 

=  xiP)x{D-r)...x[D-{i-l)r], 

which  is  also  finite ;  the  product  of  any  number  of  such  ex- 
pressions is  finite  also. 

Hence,  if  x  (^)  ^^  ^tny  elementary  factor  of  ^  (Z>),  it  may 
be  converted  into  %  (Z>  +  ir)  ;  for  let  4>  (Z>)  =  %  {D)  %,  {D), 
and  let  i/r  [D)  =  ;j^  (/)  +  %r)  x^  (D),  wherein  Xt  {^)  denotes  the 
product  of  the.  remaining  factors,  then 


'^tiD)       'viO  +  irV 


t(Z?)        'x('>±»'-) 
which  is  finite. 

Hence  also,  i£<l>(D)  involve  any  factor  of  the  fonn    ?;,    .t, 

it  may  be  made  to  disappear ;  for  let  <f>  (D)  =     ^nj-  \  Xi{-^)» 


AUT.  4.]        EQUATIONS  IN  THE  SYMBOLICAL  FOKM.  421 

and  let  -^  {D)  =  Xi  {D\  then 

which  is  finite. 

[See  the  Supplementary  Volume,  Chapter  xxx.  Art.  3.] 

4.  We  see,  then,  that  there  are  two  distinct  kinds  of  trans- 
formation to  which  the  Proposition,  may  be  applied.  In  the 
first  kind  (f)  (D)  is  converted  into  another  symbolic  function 
•^  {D)  without  any  loss  of  component  factors,  whether  of  nu- 
merator or  of  denominator,  but  only  with  such  change  as 
consists  in  the  conversion  of  D  into  D  ±  ir.  And  here  the 
order  of  the  transformed  equation  is  the  same  as  that  of  the 
equation  given,  and,  its  solution  introducing  a  sufficient  num- 
ber of  arbitrary  constants,  no  others  need  to  be  introduced, 
either  in  the  prior  determination  of  V  or  in  the  subsequent 
derivation  of  u.    But  in  the  second  species  of  transformation 

jD  +  a 

some  component  factor  of  <f)  {D)  (usually  of  the  form  75-377 

where  a  —  6  is  a  multiple  of  r)  is  lost,  and  the  transformed 
equation  being  of  an  order  lower  than  that  of  the  equation 
given,  the  deficient  constants  of  its  solution  must  be  supplied, 
either  beforehand  in  the  determination  of  F,  or  subsequently 
in  the  derivation  of  u.  If  in  the  former,  any  constants, 
sufficient  in  number,   introduced  by  the  performance    of 

P.  ^  >  r^,  r    U  will  serve  the  purpose.    If  in  the  latter,  all 

the  constants  introduced  by  the  performance  of  P^  f7n( ^ 

must  be  retained,  but  their  subsequent  relation  must  be  de- 
termined by  means  of  the  differential  equation. 

[See  the  Supplementary  Volume^  Chapter  xxx.  Art.  4.] 

The  reason  why  the  constants  connected  with  the  disap- 
pearing factors  are  arbitrary  in  V  alone,  is,  that  V  enters  into 
no  other  equation  than  the  one  in  whose  solution  those  con- 
stants are  found.  If,  however,  the  entire  series  of  constants 
in  Kbe  retained,  they  will  be  reduced  by  the  subsequent 
differentiations  in  passing  to  the  value  of  u^ 


{ 
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All  that  may  seem  obscure  in  the  above  statement  will  be 
made  clear  by  the  following  examples. 

Ex.  6.     Given  -y-^  +  ff'w— — 3  =0,  an  equation  occurring 
in  the  theory  of  the  earth's  figure. 

The  symboUcal  form  is 

Now  we  may,  by  Prop,  ni,  directly  reduce  this  equation  to 
the  form 


which,  by  Prop.  I,  is  resolvable  into  two  equations  of  the 
first  order.  But  it  is  better  to  assume  as  the  transfonned 
equation 

the  solution  of  which  is  known  already.    Art.  2. 
By  Prop.  II,  assuming  u  =  €~^w,  we  have 

'"'■j7W^)^"'  =  '' (")• 

Again,  by  Prop,  iii,  we  can  pass  from  (c)  to  (6)  by  assuming 

Hence        u  =  e-'^iD  -l)(D-S)v 

=  €-«'{I>(Z>-l)-3i)  +  3}t> 

on  restoring  x  and  putting  for  v  its  value  in  terms  of  a?. 
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Effecting  the  differentiations,  we  find 

ti  =  c  ■  [-2  —  J*]  sin  (qcc  +  c) -cos{qx  +  cy[ {d). 

We  might  have  proceeded  directly  from  (a)  to  (6)  by  Prop. 
Ill ;  but,  had  we  doiie  so,  the  final  reductions  would  not  have 
depended  on  differentiations  alone.    Thus  we  should  have  had 

2>(J-~1)         _2>~1 
^-^«(i)  +  2)(Z>-3)^""i)  +  2^ 

==  {1  -  3  (i>  +  2)-^}  i;  =  (1  -  36-2«7)-'€^)  V 

whence,  restoring  x  and  giving  to  vits  previous  value,  we 
should  be  led  to  the  same  solution  as  before. 

5.  The  twe>  forme  of  solution  above  presented  illustrate  an 
important  observation,  viz.  that  when  in  the  transition  from 
<f>{D)  to  ylr  (Z>),  by  Prop.  Ill,  the  reductions  consist  in  aug- 
menting, if  we  may  be  allowed  the  expression,  Z>  in  factors 
of  the  denominator  of  ^  (D),  or  in  diminishing  D  in  factors 
of  the  numerator,  they  will  be  effected  by  differentiations ; 
while  those  reductions  which  consist  in  augynenting  D  in 
factors  of  the  numerator  of^  (D),  or  diminishing  it  in  factors 
of  the  denominator,  involve  integrations.  And  it  is  one  use 
of  Prop.  II,  that  it  enables  us,  in  many  cases,  so  to  prepare 
the  given  symbolical  equation  that  the  final  reductions  shall 
depend  on  differentiations, 

Ex.  7.  It  is  required  to  determine  the  symbolical  form 
and  character  of  those  differential  equations  of  the  n*^  order, 
the  solution  of  which  depends  on  that  of  the-  equation 

The  symbolical  form  of  this  equation  is 

"'i>(i>-l)...(Z>-w  +  .l)  ^  ' 

where   V  is  the  symbolical  form  of  (-7- j   X,  i.e.  the  result 
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obtained  by  writing  €*  for  x  in  the  n*^  integral  of  Xdaf",  no 
constants  being  added  in  the  integration.  From  inspection 
of  (a),  it  is  evident  that  the  class  of  equations  sought  must, 
on  assuming  x  =  e*,  be  expressible  in  the  form 

in  which  we  shall  suppose  the  quantities  a^,  a,...  a^  to  be 
ranged  in  the  order  of  decreasing  magnitude.  Put  u  =  e'^^^Wj, 
then  by  Prop,  ir, 

The  first  factor  of  the  denominator  of  (J)  (D)  in  (c)  now 
agrees  with  the  first  factor  in  that  of  yjr  {D)  in  (a).  In  any  of 
the  remaining  factors  we  may,  by  Prop,  ill,  convert  D  into 
D  ±  in,  i  being  any  integer, — hence,  that  they  may  all  cor- 
respond with  the  factors  of  "^  (D),  it  is  necessary  that  each  of 
the  quantities 

gg  —  q^  4- 1     gg  —  <g^  +  2     g^  —  g^  -f  3      g^  —  g^  -f  ?i  —  1     .7. 
H  n  n  n  ^ 

should  be  equal  to  a  negative  integer  or  to  0.  And  in  this 
statement  the  conditions  of  finite  solution  are  involved. 

The  value  of  u  will  be  deduced  from  that  of  v  by  differen- 
tiation, for  since  g^  —  o^  <  —  1, 

and  so  on  for  the  remaining  factors  to  which  P,  is  to  be 
applied. 

Ex.  8.     Given  -^^ ^^ — 5 — -  u  +  q^u  =  0,    where  i  is  an 

integer. 

This  equation,  which  includes  that  of  Ex.  6,  presents  itself 
in  various  physical  problems  (Poisson,  Th^orie  Mathematique 
de  la  Chaleur,  p.  158.    Mossotti,  on  Molecular  ActioTty  <fcc.). 
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Its  symbolical  form  is 


Hence,  by  the  last  example, 

=  e-«{D-l)iD-S)...(D-2i  +  l)v (h), 

where  v  is  given  by         t-j  +  ^v  =  0. 

The  expression  (b)  may  be  reduced  to  a  more  convenient 
form,  as  follows. 

Since  f{D  -  a)  =  e«V(^)  €"'•^  we  have 


Hence,  according  as  the  upper  or  lower  sign  is  taken  in  the 
original  equation,  we  have 

1    /  J  d  Vc.  cos^a?  +  {j,sin^a?  ,. 

Ex.9.    Giveng-a«g-i^*±^  =  0. 

Comparing  this   equation  with  the  last,  we  see  that  its 
solution  may  be  derived  from  {d)  by  changing  therein  q  into 

a  -J-  ,  and  c^,  c^  into  arbitrary  functions  of  y  following  the 

exponentials.     Hence  we  shall  have 
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"""^r  dx)        ^-^ 

The  reason  why  the  arbitrary  fdnction  ^  (y)  must  be  placed 

after  e  *'  and  not  before  it,  is  that,  in  the  derivation  of  the 
exemplar  form,  the  arbitrary  constant  takes  its  place  after, 
and  not  before  €**. 

Here  indeed  we  may  transpose  the  constant,  but  when  j'  is 

converted  into  a  j-  we  have 

dy 

(i-»ir»-'*(ir»-"**w. 

and  here  the  arbitrary  function  cannot  be  transposed,  since 

y  and  -7-  are  not  commutative. 
^         dy 

The  principle  here  illustrated,  and  which  is  a  very  im- 
portant one,  is  that  all  conclusions  founded  on  community  of 
formal  laws  should  stop  short  of  interpretation.  The  form 
should  be  kept  distinct  from  the  matter.  There  is  perfect 
analogy  between  the  theorems 


G4-«r» -©"'•-'». 


but  not  between  the  theorems 

because  in  the  formation  of  the  latter  interpretation  has  been 
employed. 
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The  atove  example  is  one  in  which  Mongers  method  of 
solution  would  fail,  except  for  the  particular  case  of  i  =  0. 
And  this  gives  occasion  to  the  remark  that  symbolical  methods 
are  not,  as  they  have  sometimes  been  supposed  to  be,  valuable 
only  as  abbreviating  the  processes  of  analysis.  There  are  in- 
numerable cases  in  which  they  afford  the  only  proper  mode 
of  procedure. 

Ex.  10.    Given 

This  equation  occurs  in  some  researches  of  Poisson  on  definite 
integrals.    The  symbolical  form  is 

^  I){D^p)  ^  ^     " W- 

This  equation  is  integrable  in  several  distinct  cases,  but  we 
shall  examine  here  the  particular  case  in  which  n  is  an 
integer. 

Assuming  as  the  transformed  equation, 

V Yz i  €2*1?=  V (J), 

it  being  necessary  to  introduce  V  because  the  transformed 
equation  is  of  an  order  lower  than  that  of  the  equation  given, 
we  have, 

„  J9  4-  2n  -  2 
^  =  -P. ^ ^ 

=  (2)  +  2n-2)(i)  +  2n-4)...(2)  +  2)t; (c), 

0  =  (J)  +  27i-2)(D  +  2n-4)...(Z)  +  2)F: 
The  latter  equation  gives  for  V  the  general  value, 

of  which  it  suffices  to  retain  one  term.    Retaining  the  first, 


428  FINITE  SOLUTION  OF  DIFFERENTIAL      [CH.  XVII. 

substituting  in  (5),  and  operatiiig  on  both  sides  with  D+Pt 
we  get 

Restoring  w,  and  integrating,  a  value  of  v  is  found,  involv- 
ing two  arbitrary  constants,  whence  u  will  be  given  by 


u 


=  Ta? ^  +  2/1  -  2Va?  ^  +  2/1  -  4J  ...  (a;  ^  +  2J  v..,(d). 


The  proposed  equation  is  also  integrable  when^  is  an  odd 
integer,  and  when  2n— p  is  an  even  integer.  In  the  former 
case  we  may  assume  as  the  transformed  equation, 

(Z>+jp)(i>+^-l) 

which  must  be  integrated  by  Prop.  I.  In  the  latter  case  we 
must  assume  , 

but  in  this  case  two  constants  must  be  retained  in  F;  viz.  one 
from  each  set  of  the  reducing  operations  by  which  the  factors 
of  ^  (jD)  are  made  to  disappear, 

6.  It  will  be  observed  that,  in  the  foregoing  examples, 
we  reduce  the  proposed  symbolical  equation  by  Propositions 
II.  and  III,  either  directly  to  an  equation  of  the  first  order,  or 
to  a  form  which  by  Prop.  I.  is  resolvable  into  a  system  of 
equations  of  the  first  order.  But  there  exist  other  equations 
admitting  of  finite  solution;  for  example  such  as  by  Props.  II. 
and  III.  are  reducible  to  either  of  the  primary  forms, 

"+     DivU)     ^^  =  Q (^^)' 

,  (i)-l)(i)-2)^      ^  ,-,. 

^+       al/±n^       ^"  =  Q (^^^- 

The  former  of  these  is  the  symbolical  form  of  the  equation 


ART.  6.]      EQUATIONS  IN  THE  SYMBOLICAL  FORM.  429 

which  is  reducible  to  -^  ±  ri?u  =  0,  by  the  assumption 

t      dx 

V 


-h 


The  latter  is  the  symbolical  form  of  the  equation 
which  is  reducible  to  -^  ±  n'w  =  0,  by  the  assumption 


Hence,  the  ordinary  solutions  of  (13)  and  (14)  will  be  ob- 
tained by  substituting 

r      dx  f       dx 

*"iv(l4-aa;-';/     ^"jx^{a?  +  a)' 

in  the  solution  of  the  equation  -j-j  ±  n%  =  0. 

It  may  be  added  that  the  forms  (13)  and  (14)  are  allied, 
the  one  being  convertible  into  the  other  by  changing  ^  to  —  ^. 

Ex.  11.    Given 

The  symbolical  form  is 

(Z)  +  m--2)«-g> 
^  i>(i>-l)       ^  ^     "• 

If  we  apply  Prop.  II.  so  as  to  convert  D  into  D'-m,  and 
then  by  Prop.  III.  reduce  the  equation  to  the  general  form 
(13),  we  shall  obtain  the  final  solution  in  the  form 

-J-  j   {cj  cos  (5^  sin"*  x)  +  c,  sin  {q  sin"*  x)]. 
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7,    -P^jT*  Equation^    The  differential  equation, 
(a  +  &a;*)  ^  ^-2  +  (c  +  ea^)  a?  j-  +  (/  +  gaf)  u=X. (a) , 

which  includes  all  binomial  equations  of  the  second  order, 
has  been  discussed  by  Euler,  and,  with  greater  generality,  by 
Pfaff  (Disquisitiones  AnalyticoB).  We  propose  to  investigate 
the  conditions  under  which  it  admits  of  finite  solution. 

It  suffices  for  this  purpose  to  consider  the  case  in  which 
X=0, 

The  symbolical  form  is  then 

If  n  is  not  equal  to  2,  it  is  convenient  to  change  the  inde- 
pendent variable  by  assuming  nd  =  2^,  whence 

d  _n  d 
d0'"^dff' 

So  that  changing  nO  into  2^,  we  must  change  D  into  ^  D. 
The  result  may  be  expressed  in  the  form, 

where  a^  and  a^  are  roots  of  the  equation, 

6(f-»)(f-»-i)+.(f-«)+,.o w. 

and  )8j,  ^^  are  roots  of  the  equation, 

""2AT"V'^''T"^-^=° ('^- 

1st,  By  Prop,  lii,  (c)  can  be  immediately  reduced  to  the 
form 

6(i)-a,)(i)-a,-l) 
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and  then  resolved  into  two  equations  of  the  iSrst  order,  if  we 
have  at  the  same  time  a^  —  Oj,  and  yS^  —  P^  odd  integers. 

2ndly,  The  equation  can,  by  Prop.  Ill,  be  reduced  to  an 
equation  of  the  first  order  if  any  one  of  the  four  quantities 

«i-A>    «i-^ii^    ^%-^i^    ^2-/5, 
is  an  even  integer. 

Srdly,  It  is  easily  shewn  that  by  Props,  il.  and  III.  (c)  is 
reducible  to  the  integrable  form  (13)  if  the  quantities 

)9j - ^j  and  ol^  +  ol^-P^- /3, 

are  both  odd  integers. 

4thly,  It  is  in  like  manner  reducible  to  (14)  if  the  quan- 
tities 

a^-o-si  and  (Xj.  +  a^- fi^- ^^ 

are  both  odd  integers. 

These  results  may  be  collected  into  the  following  theorem. 
The  equation  (c)  is  integrable  in  finite  terms,  1st,  if  any  one 
of  the  four  quantities  represented  by  a  — ^  is  an  even  integer; 
2ndly,  if  any  two  of  the  quantities 

are  odd  integers. 

In  this  theorem  the  integral  values  are  supposed  to  be 
either  positive  or  negative,  and  the  even  ones  to  include  the 
value  0. 

The  above  results  are  equivalent  to  those  of  Pfaff,  as  pre- 
sented with  some  slight  increase  of  generality  in  a  memoir 
by  Sauer  [Grelle,  Vol.  ii.  p.  93).  Pfaffs  conditions  are  how- 
ever exhibited  in  so  complex  a  form  as  to  render  the  com- 
parison difficult.  His  method,  it  is  needless  to  say,  is  wholly 
different  from  the  above. 

[See  the  Supplementary  Volume,  Chapter  XXX,  Art.  5.] 
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Symbolical  equations  which  are  not  binomiai, 

8.  Although  processes  of  greater  or  less  generality  may 
be  established  for  the  treatment  of  equations  which,  when 
symbolically  expressed,  involve  more  than  two  terms  in  the 
first  member,  yet  their  reduction  if  possible  by  some  preli- 
minary transformation  to  the  binomial  form  should  always  be 
our  first  object.  We  purpose  here  to  illustrate  this  obser- 
vation. 

Ex.12.     Given  S  =  a-        ^^ 


.«\S 


cbl^  (2cx  —  a"*/ ' 

Writing  this  equation  in  the  form 

we  see  at  once  that  its  symbolical  form  will  not  be  binomial. 
Assuming  y  =  (2c  —  a;)"*tt,  we  have  on  reduction 

,^         .    2  <^u     ^      ^du     m  (m  —  1)  «'  4-  6  aa^ 

{2c -x)  of  j-^  -  %m3f  -J-  +  — —F, — w=  To Nis=i  • 

^  ^     da?  dx  2c  — X  (2c  -  a?)"*  ^ 

Now  let  m  be  so  determined  as  to  make  the  numerator  of 
the  third  term  divisible  by  its  denominator.  This  involves 
the  condition 

m(m-l)  +  ^3  =  0 (a), 

while  the  diflFerential  equation  becomes 
(2c  -  »)  x' ^  -  2«ia!' ^  -  m  (m  - 1)  (2c  +  «)  « = -^2^^;^^. , 
of  which  the  symbolical  form  is 

(i)-m)(D+m-l)«-l(i?+m-l)(i)+m-2)€»u=^^2^^jp. 
whence,  operating  on  both  sides  with  (i)  +  m  —  1)"*, 
(D  -  to)  «  - 1  (2)  +  m  -  2)  €»tt  =  ^  6<i-'»)»  2?-'  e('»+«»(2c  -t'/"". 


u  = 
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Restoring  x,  and  solving  the  equation,  we  have,  on  representing 
2c  —  0?  by  X, 

u  =  aa;"Z'-^  L-*"'Z»"-*  Ix'^X'-^dx^ 
which  integration  by  parts  reduces  to  the  form 

2c  (2m  -  1)  • 

Therefore    y  = 2c(2m~l) ■ '^ 

the  integral  required.  It  is  to  be  noted  that  each  integration 
introduces  an  arbitrary  constant.  It  is  also  seen  that  each 
value  of  m  derived  from  (a)  leads  to  the  same  result. 

The  above  equation  occurs  in  the  problem  of  determining 
the  tendency  of  an  elastic  bridge  to  break,  when  a  heavy  body, 
e.g.  a  railway  train,  passes  rapidly  over  it.  The  equation 
between  y  and  x  is,  on  a  certain  hypothesis,  that  of  the  tra- 
jectory described.  See  an  interesting  paper  by  Prof.  Stokes 
{Cambridge  Phil.  Transactions,  Vol.  viii.  p.  708). 

Ex.  13.     Given  (1  -  /.»)  ^  (1  ~  H^  ^  +  » (n  + 1)  (1  -/i«)  u 

the  well-known  equation  of  Laplace's  functions. 

Representing  -i-r  V(—  1)  by  a,  the  equation  may  be  ex- 
pressed in  the  form 

(l-,tT^-2/*(l-^')^%{n{«  +  l)(l-/*«)-a'}u  =  0. 

and  it  is  evident  that  it  would  not,  on  assuming  /l6  =  €*,  take 
the  binomial  form. 

Let  then  i^  =  (1  —  p^'^v.  "We  find,  on  substitution,  and 
division  of  the  result  by  (1  —  ij^Y*^, 

R  D.  E.  28 
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Let  4r*  —  a*  =  0.     Then  r  =  ±  ^  .     Either  sign  may  be  taken. 
Choosing  the  lower,  we  have 

a-f^')^.  +  ^(<^-Vl^^  +  {n{n  +  l)-a(a-l)}v  =  0. 

an  equation  which,  on  making  fi  =  ^,  assumes  the  symbolical 
form 

(D-a  +  n-l)(D-a-n-2) 
To  integrate  this,  assume 

--'°"''"'i;'i,'i'r"'""'"'"> (* 

Then  by  Prop,  ill., 

t;  =  (i)-a  +  n-l)(Z>-a  +  w-3)...(2>-a-?i  +  l)w 

=/*"*- (|i^)>""«' ('^' 

while  (c),  resolved  by  Prop.  i.  and  integrated,  gives  the  solution 
«;  =  (1  +/t)-^  t  (^)  +  (1  -/t)-*-x(*) («). 


-ifr  and  X  being  arbitrary  functional  signs.  This  expression 
for  w  having  been  substituted  in  (d),  we  must  write  -ji  V(~  1) 
for  a,  and  interpret  the  result. 

Now  if,  instead  of  -^  (<^)  and  x  (<^)i  ^®  write  -^  {€*>^("^>j  and 
^  jg*>/(-i)},  as  we  are  evidently  permitted  to  do,  and  if  we 
observe  that  generally 
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=/[€{*+i<wM-i)}V(-i)]  =y{e*V(-i)-log<} 
=/ 


we  shall  ultimately  find 


where  ^{„e.V.-«}=,.(|.l)"|(,^^^.^(/^) 

+(M-/*rx('^')} (15), 

which  is  the  complete  integral. 

For  a  discussion  of  this  result,  and  for  the  finite  expression 
for  Laplace's  functions  to  which  it  leads,  the  reader  is  referred 
to  a  paper  on  the  Equation  of  Laplace's  functions  in  the 
Gamhidge  Mathematical  Journal.    (New  Series,  Vol.  i.  p.  10.) 

If  in  the  equation  (a)  we  make  the  third  instead  of  the 
fourth  term  to  vanish,  which  gives  for  r  the  values  -  and 

-'^^  and  then  assume-       ^       ==t,  we  shall  obtain, 
taking  the  second  value  of  r,  the  symbolical  equation 

V  +  -^^ ^ —  fi^yf}  =  0 

^       D{U-1)       ^  ^     "• 

Now  by  Propositions  II.  and  III.  this  is  reducible  to  the  inte- 
grable  form 

by  the  relation 

28—2 
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t;  =  £-<"«)•  2)  (2)  -  1)  . . .  (2)  -  «)  W 


n+1 


fd\' 

Hence  we  find 

whence  u  is  known. 

Let  us  examine  the  form  of  the  solution,  when,  as  is  com- 
mon in  the  expression  of  Laplace's  equation,  we  replace  /a  by 
cos  0.     We  find 

f  =  cot^,     J^  =  -sin»^A, 

whence  t  +  j^(l +f)  =  cotl  0. 

Substituting,  and  observing  that  u  =  (sin  0)"""*r,  we  have 

And  hence,  restoring  to  a  its  meaning,  introducing  ai*bitrary 
functions  for  constants,  and  eflTecting  one  of  the  diflferentia- 
tions,  we  may  deduce  the  following  solution  of  Laplace's 
equation,  viz.: 

u  =  (sin  0y  (sin  0  ^  sin  0y  \f^  je^VC-D  tan  |[ 


u 


i^Je-^V(-i)tan|l   (16). 


Under  this  singularly  elegant  form  the  solution,  obtained  by 
a  different  method,  was  given  by  Professor  Donkin.  {Philo- 
sophical Transactions^  for  1857.) 
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Solution  of  linear  equations  by  series^ 

9.  Prop.  IV.  If  a  linear  differential  equatiim  whose  second 
member  is  0  be  reduced  to  the  symbolical  form 

f(D)u+f{D)^u+f,{D)e^u...-\-f^{D)e-^u  =  0...{17) 

{Art.  1),  then  a  particular  solution  will  be 

u=Xu,,^ (18), 

the  value  of  the  index  m  in  the  first  term  being  any  root  of  the 
equxdionf  (m)  =  0,  the  corresponding  value  ofu^  an  arbitrary 
constant,  and  the  law  of  the  succeeding  constants  being  expressed 
by  the  equation 

For  the  form  of  u  assigned  in  (18)  will  constitute  a  solution 
of  (17)  if,  on  substituting  that  form  for  u  in  the  first  member 
of  (17)  and  arranging  the  result  in  ascending  powers  of  e*, 
each  coefiicient  should  vanish.  And  this,  as  we  shall  see, 
will  take  place  if  the  coefficients  are  subject  to  the  relation 
expressed  by  (19). 

Assuming  then  u  =  Sw^c*^,  we  find, 

UD)  u  =  y,{D)uJ^  =  2/,(m)M„€'-»,  by  (2). 
f,{D)  6»u>=  2/;  (m  +  1)  «,€'««'•. 

/.  {D)  ^u  =  2/.  (wi  +  2)  tt„e<"*«», 

and  so  on.  In  the  first  of  these,  we  see  that  the  coefficient  of 
any  particular  term  e^  is  fQ{m)u^.  In  the  second,  the  co- 
efficient of  e^"»+^'*  i^fi{m  +  l)u^,  and  therefore  the  coefficient 
of  €^  is /i(w)m,„_j.  In  the  third,  the  coefficient  of  e*^  is 
f{m)u„^^;  and  so  on.    Thus  the  aggregate  coefficient  of  €^  is 

and  this,  equated  to  0,  expresses  the  law  (19). 


fii-n» 
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Let  u/^  be  the  first  term  in  the  developed  value  of  u ;  then 
must  we  suppose  ^^^  =  0,  w^_j  =  0,  &c.  and  (19)  becomes 

As,  by  hypothesis,  u^  is  not  equal  to  0,  this  gives  y^  (r)  =  0, 
for  the  determination  of  r,  and  leaves  u^  arbitrary.  Hence 
the  proposition  is  established. 

Thus  there  will,  except  in  particular  cases  of  failure  here- 
after to  be  considered,  be  as  many  distinct  solutions  of  the 
form  (18),  each  involving  an  arbitrary  constant,  as  there  are 
units  in  the  degree  of/o(m). 

Ex.  14.    Given  ^-s = —  n  w  =  0. 

dxr        X    ax 

The  symbolical  form  is 

i)(i9-a)w~nV*M=.0. 

Hence,  we  have  u  =  Sw^.o?"*,  the  law  of  formation  of  the 
coefficients  being 


n 


while  the  initial  exponent  is  0  or  a.  There  are  therefore  two 
ascending  series,  one  beginning  with  (7,  the  other  with  (7V. 
Thus  we  have 

j.^  .^  Cn*af**    .  GWaf**  ^  . 

"*"^*  ■^2(^T2)'^2.4.(a+4)(o  +  2)  +  *°- 

10.  When  the  equation /^  (m)  =  0,  has  equal  or  imaginaiy 
roots,  the  following  procedure  must  be  adopted.  Let  the 
solution  of  the  equation  ^(D) «»:  0,  be 

ii=AP  +  BQ+CR  +  &c (20), 

■A,  B,  Of  &C.  beiug  the  arbitrary  constants.    Substitute  this 
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value  in  the  given  differential  equation,  regarding  Aj  B,  C,  &c. 
as  variable,  and  the  result  will  assume  the  form 

A'P+B^Q +CrB +  &c.  =  0 (21), 

and  will  be  satisfied  if  we  have 

^'  =  0,   ff  =  0,   (7'  =  0,  &c (22). 

This  will  indeed  become  a  system  of  linear  simultaneous 
equations  for  determining  A,  B,  G,  &c.  And  the  solution  of 
this  system  in  a  series  will  be  of  the  form 

A  =  2a^€"^,    B  =  26^6'^,    C  =  ^J^,  &c. 

the  law  of  formation  of  the  coefficients  a«,  i«,,  c^,  &c.  being 
expressed  by  a  system  of  simultaneous  equations  formed  from 
(22),  by  changing  therein  every  term  of  the  form  ^(2>)e**-4 
into  <l>  (m)  a^,,  &c.     {Philosophical  Transactions,) 

There  is  a  particular  case  of  exception  to  the  above  rule. 
When  two  of  the  roots  of /^  (w)  =  0  differ  by  a  multiple  of  the 
common  difference  of  the  indices  of  the  ascending  develop- 
ment, the  equation /q  (B)  =  0,  must  be  replaced  by  what  that 
equation  would  become  were  the  roots  in  question  equal. 

Ex.  15.    Given  -r\  +  -  j-  4-  $'2*  =  0. 

ax      xdx     ^ 

The  symbolical  form  is 

2)V  +  2V*i^  =  0 (a). 

Now  D%  =  0  gives  u^A-^- BO,  Substituting  this  value 
in  (a),  regarding  A  and  B  as  variable,  we  have 

iyA-\'q\^A  +  22?5  +  5(2)'£  + jV^jB)  =  0, 
which  furnishes  the  two  equations, 

I^AA-^e^A  +  ^DB^O,  D'B  +  ^€^B  =  0, 
whence -4  =  Sa^c*^,  B^libje^,  with  the  relations 

lit  '  OT  ' 
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from  whicli  we  have 

Thus  we  find,  on  substitution,  and  restoration  of  a?, 

w  =  a^,  +  ttjic^  +  a^*^  +  &c. 

+  log  X  {b^  +  J^a?  +  hjx)*  +  &c.), 

where  a^,  6^  are  arbitrary,  and  the  succeeding  values  deter- 
mined by  (6). 

Were  the  symbolical  equation  of  the  form 

it  would  still  be  necessary  to  determine  the  form  of  the 
primary  iissumption  by  solving  the  equation  D^u  =  0,  not  by 
J){D±  2i)  u  =  0.  We  should  therefore  still  have  u==A  +  Be, 
in  which  A  and  B  are  series  to  be  determined  as  before. 

Ex.16.    Given  a;'^  +  a:^H-(n'  +  a:*)t*  =  0. 

The  symbolical  equation  is 

(i)'  +  n'jw  +  e^w  =  0 (a). 

Now  the  equation  (D'  +  w')  w  =  0  gives 

u^AcosnO+B  sinnO (b), 

Mibstituting  which  in  (flr),and  equating  to  0  the  coefficients  of 
cos  nO  and  sin  nO  in  the  result,  we  have 

D^A  +  2nDB  +  ^A^0, 

whence  A  =  2a^€~*,  B  =  St^c*^,  with  the  relations, 

tn^a^  +  2mn  J^  +  a^,  =  0, 


ART.  11.]  EQUATIONS  BY  SERIES.  441 

and  therefore, 

Thus  the  solution  assumes  the  form, 

u  =  cos  (n  log  x)  {a^  +  a^^  +  ajc*  +  &c.) 

4-  sin  (n  log  x)  {\  +  J^a;'  +  J^rc*  +  &c.), 

wherein  a^  and  t^are  arbitrary,  and  the  succeeding  coefficients 
determined  by  (c). 

The  fundamental  equation  (19),  written  in  a  reversed  order, 
determines  the  law  of  the  formation  of  the  coefficients  in 
those  solutions  of  (17)  which  are  expressible  in  descending 
powers  of  x.  The  number  of  such  solutions  will  be  equal  to 
the  degree  of  the  equation  f^  (m)  =  0,  but  their  respective  first 
exponents  will  be  its  roots  severally  diminished  by  n. 

For  the  extension  of  the-above  theor}'^  to  the  case  in  which 
the  given  differential  equation  has  a  second  member  X,  the 
reader  is  referred  to  the  original  memoir. 


Theory  of  Series. 

11.  The  relations  which  enable  us  to  express  the  integrals 
of  differential  equations  in  series,  enable  us  also  to  reduce  the 
summation  of  series  to  the  solution  of  differential  equations. 
Thus,  from  Proposition  iv.  it  appears  that  if  i^  =  2t^„aj"*,  where 
the  law  of  formation  of  the  successive  coefficients,  is 

/o  W  ^n.  +/i  W  w»u.i ...  +/«  W  w«^=  0 (23), 

the  value  of  u  will  be  obtained  by  the  solution  of  the  differ- 
ential equation 

/„  (D)  u  +/,  (D)  e'a ...  +/,  {D)e''w  =  0 (24). 

We  suppose  here  f^  (m),  f^  (m)  .../„  (m),  to  be  polynomials, 
and  that  the  series  is  complete;  i.e.  contains  all  the  terms 
which  can  be  formed  in  subjection  to  its  law  expressed  by 
(23),  the  first  exponent  being  therefore  a  root  of/o(m)=0. 
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When  the  series  is  incomplete,  the  first  member  of  the  differ- 
ential equation  will  be  the  same  as  for  the  complete  series, 
while  the  second  member  will  be  formed  by  substituting  in 
the  first  member,  in  the  place  of  m,  the  series  which  it  repre- 
sents. It  is  obvious  that  all  the  terms  will  disappear,  except 
a  few  derived  from  that  end  of  the  series  where  the  defect  of 
completeness  exists,  so  that  the  second  member  of  the  differen- 
tial equation  will  be  finite. 

Ex.  17.     Let 

_-        n'     ,  .  n'(n'-2')    ,     n' (n' -  2')  (n' -  4')    ,  ,^ 
w-1-^   2^;  +1    2.3.4^        1.2.3.4.5.6    ""'*'• 

Here  u  ^  Xu^d^,  with  the  relation, 


«'-(>» -2)* 

m  (to  —  1) 
Or, 

w  (m  -  1)  w«-  {(m -  2)*-  w'}t6^,  =  0, 

and  we  observe  that  the  series  is  complete,  the  first  index  0 
being  a  root  of  m  (fn  —  1)  =  0. 

Hence,  the  differential  equation  will  be 

i>(Z)-l)t*-{(2>-2)^-n'}6"^tt  =  0, 

of  which  the  solution,  expressed  in  terms  of  a?,  is 

w  =  Cj  cos  (n  sin"^ic)  -f  c,  sin  (n  sin'^a?). 

The  constants  must  be  determined  by  comparison  with  the 
original  series.     We  thus  find  c^  =  1,  c,  =  0. 

The  following  is  a  species  of  application  which  is  of  frequent 
use  in  the  theory  of  probabilities. 

Ex.  18.     The  series 

i){l  + ay -1.-3-2-?...  + T72rj ^^' 
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occurs  as  the  expression  of  the  probability  that  an  event 
whose  probability  of  occurrence  in  a  single  trial  is  jp,  and  of 
failure  q,  will  occur  at  least  a  times  in  a  +  6  trials. 

Representing   the   series  within   the  brackets  by  m,  and 
assuming  q  =  €^,  we  have  u  =  Sw^e*"*,  where 

Hence,  we  shall  have 

Du-{D  +  a-l)^u^-  «fa  +  l)-(«  +  ^)  ,,6+1), 

'  1.  2  ...  6 

or,  restoring  j, 

du        a       _     a  (aA-V)  ..,{a  +  h)     ^ 
dq      1—q    "  1.2... 6  1— ?' 

IntegratiDg  which,  we  have 


u 


=  (l-j)-«{Cr-  ^-^2^^:-^V>  (^  -  ^)""'^3J- 


Now  the  first  term  of  the  development  of  this  expression  in 
ascending  powers  of  q  will  be  G]  whence,  comparing  with  the 
bracketed  series,  we  have  (7=1.  Substituting,  and  observing 
that  p  =  l^q,  the  expression  for  the  probability  in  question 
becomes 

To  this  we  may  however  give  a  more  symmetrical  form. 
For 

_T{b  +  l)Tia)      p 

by  a  known  theorem  of  definite  integration. 

Substituting  in  (a),  and  observing  that 

a(a+l)...(a  +  6)_    Tja  +  b  +  l) 
1.2...  6         ■"  r(6  +  l)r(a)' 
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we  find 

ProbabUity  =  ^<^  ^  [^^^'^  £g>  (1  -  g)-  ^g. 

or,  as  it  may  be  otherwise  expressed, 

^^^.yj^f^  (,, 

The  peculiar  advantage  of  this  form  of  expression  is  that, 
precisely  in  those  cases  in  which  the  series  becomes  unmanage- 
able from  the '  largeness  of  a  and  b,  the  integrals  admit,  as 
Laplace  has  shewn,  of  a  rapid  approximation  {Theorie  Ana- 
lytique  des  Probabilites), 

Ex.  19.  The  function  (1  —  2v  cos  <o  + 1/')""  being  expanded 
in  a  series  of  the  form  Aq+2  ( J.^  cos  q)  +  ^ ,  cos  2a) ...  +  &c.  , 
it  is  required  to  determine  A^, 

We  have 
(1  -  2v  cos  0)  + !/')"»  =  {1  -  j;€«V(-i)}-»  X  {1  - 1/6— V(-i)}-». 

Expanding  each  factor,  and  seeking  the  commoir  coefficient  of 
grwv(-i)  and  e""*^>^<"^^  in  the  product,  we  find,  putting  t  =  i^, 

r 

where  generally, 

wi(m  +  r)M^  —  (m+n  —  l)(m+rn-r  —  1)  u^^  =«=  0, 

^^^^"^0= iT^—r • 

Hence  the  dififerential  equation  will  be 

2>(2)  +  r)  w-  (jD  +  w  -  1)  (Z)  +  n  +  r  -1)  6^w  =  0, 

or, 

(i?  +  n-l)(Z>  +  n-hr-l) 

Now  this  can,  by  Prop,  ill,  be  reduced  to  the  form, 
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by  the  relations, 

u=^  (i?  +  n-l)...(2)  +  l)(-D  +  w  +  r-l)...(Z>  +  r  +  l)t;, 

F={(i?  +  n-l)...(i)  +  l)(i)  +  n  +  r-l)...(i)  +  r-fl)}-^C/; 

In  determining  Ffroin  the  latter  equation,  it  suffices  to  in- 
troduce two  arbitrary  constants,  one  from  each  of  the  two  sets 
of  inverse  operations.  The  final  solution,  in  the  obtaining  of 
which  the  only  difficulty  consists  in  the  reductions,  is 

12.  When,  in  the  series  Xuaf^,  the  coefficient  w_  is  a 
rational  function  of  m  invariable  in  forfn,  the  summation  is 
most  readily  effected  in  the  following  manner. 

Let  the  series  be  2^  (m)  a?*";  then  putting  a;  =  e*, 

tA  =  2^  (m)  6««  =  2^  (D)  €«« 

=  ^  (2))  2e^« ,....(25). 

Hence,  if  the  summation  is  from  w  =  0  to  m  =  infinity, 
we  have 

but  if  the  summation  is  from  m  =  aio  m  =  b  inclusive, 

Ex.20.    Let«  =  j3:3+2-73:4  +  3;^  +  &c. 

Here  A  (m)  =  — p ^. ^  ; 

^      '     m(m  —  l)(m—2) 

therefore  «  =  2>  ( j)  _  i)  (i)  _  2)  («'*  +  «*'  +  &c-) 
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The  final  result  is 


Oeneralization  of  the  foregoing  theory. 

13.  As  Propositions  I,  ii,  III.  are  founded  solely  on  the 
particular  law  of  combination  of  the  symbols  D  and  €*,  ex- 
pressed by  the  equation 

f{D)  €«^M  =  €«^/  {D  +  m)  u, 

they  remain  true  for  any  symbols  ir  and  p,  whatever  their 
ititerpretation,  which  combine  according  to  the  same  formal 
law  *  VIZ 

f{ir)p''u  =  p^f{ir  +  m)u (26). 

Thus,  supposing  the  law  obeyed,  the  symbolical  equation, 

tt  +  ^(7r)p"M  =  ?7 (27), 

can,  by  Prop.  ill.  considered  in  its  purely  formal  character, 
be  transformed  into 

v+'f  (7r)pV=  V (28), 

by  the  assumption, 


«-,^(7r)  *'^(7r) 


The  corresponding  transformations  flowing  from  Proposi- 
tions I.  and  II,  it  is  unnecessary  to  state. 

Now  the  law  (26)  is  obeyed,  not  alone  by  the  pure  symbols 
D  and  €*,  but  by  certain  combinations  of  those  symbols.  Thus, 
if  we  assume 

the  law  will  still  be  obeyed.  And  the  importance  of  the 
remark  consists  in  this,  that  an  equation  which,  when  ex- 
pressed by  means  of  the  symbols  D  and  e^,  is  not  a  binomial, 
may  assume  the  binomial  form  for  some  other  determination 
of  TT  and  p. 
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« 

If  in  (26),  we  make  m  =  1,  we  have /(tt)  pu  =  p/(7r  +  1)  u, 
which  shews  that  p  may  be  transferred  from  the  right  to  the 
left  of /(tt),  if  we,  so  to  speak,  add  to  tt  the  constant  incre- 
ment 1.     This  then  suggests  the  more  general  law, 

f(7r)pu^pf(7r  +  A7r)u (29), 

where  Att  represents  any  constant  quantity  regarded  as  an 
increment  of  tt.  In  connexion  with  this  theory,  the  following 
proposition  is  important. 

Pkop.  Supposing  f  (x)  to  represent  a  function  which  admits 
of  expansion  in  ascending  positive  and  integral  powers  of  x, 
it  is  required  to  develope  f  {tt -^  p)  in  ascending  powers  of  py 
IT  and  p  being  symbols  which  combine  in  subjection  to  the 
law  (29). 

By  successive  applications  of  (29)  we  have,  m  being  a 
positive  integer, 

/  (tt)  p'^u=-p'^f{ir  +  mAir)  u ....(30), 

of  which  another  form  is  p^fi'Jr)  u  =/(7r  —  mAir)  p^u.  Again, 
since/ (tt  +  p)  is,  by  hypothesis,  expressible  in  a  series  of  the 
form 

A^  +  ^,  (tt  +  p)  +  J,  (tt  +  p)*  +  &c., 

we  shall  have 

(7r  +  p)/(7r  +  p)=/(7r  +  p)(7r  +  p) (31), 

for  either  member  becomes,  on  substituting  for  /(tt  +  p)  the 
above  form, 

A  (7r-¥p)  +  A^  (tt  +  p)'+  &c. 

Now,  let  the  form  of  the  unknown  and  sought  expansion 
of  /(tt  +  p)  in  ascending  powers  of  p,  be 

/{it  +  p)  =/,  W  +/,  W  p  +/,  W  /»«  +  &c. (32), 

the  subject  u  being  understood  though  not  expressed. 
Then,  by  (31), 

('T  +  p)  2/„  (tt)  p"  =  S/„  (tt)  p-  (tt  +  p). 
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But 

=  27r/„  (,r)  p"  +  S/„  (tt  -  Alt)  p^\ 

in  which  the  coefiScient  of  p"  is 

•^/«  W +/^,  (^  -  A^) (33). 

Again, 

2/„(^)p"  (7r  +  p)=2/„(T)p"*T  +  2/,(,r)p-« 

=  2/„  W  (tt  -  mA^r)  p-  +  2/„  (,r)p-*-. 

in  which  the  aggregate  coefiScient  of  />"•  is 

/m  W  ('T  -  ^Att)  +/^,  (tt). 

Equating  this  with  (33),  we  have 

^/«  W  +/t«-i  (^  -  Att)  =  (tt  -  twAtt)/^  (tt)  +/„.,  (tt), 
whence 

•^"*^   ^     m  Att 

m""A7r~ ^'^*-'' 

if  we  define  A/(7r),  not,  as  is  usual,  by  /(tt  +  Att)  — /(tt),  but 
hy/(7r)  — /(tt— Att).  The  above  equation  determines  the 
law  of  derivation  of  the  coefificients/^  (Tr),/^  (tt),  &c.  It  only 
remains  to  determine  f^  (tt). 

That/o(7r)  =/(7r)  may  be  shewn  by  induction  from  the 
particular  cases  in  which 

/(tt  +  />)  =  tt  +  p,     (tt  +  p)\  &c. 
or,  with  more  formal  propriety,  thus  : 
Let  /o,  =  np,  where  n  is  a  constant, 

=  npfiir  —  Att) 
=  />i/(T-A7r). 
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Compaxing  the  first  and  last  members,  we  see  that  tt  and  p^ 
combine  according  to  the  same  law  as  ir  and  p. 

Thus  we  have 

/(tt  +  /,,)  =/„  (ir)  +/,  (tt)  p,  +/,  W  p^'  +  &c., 

/o  ("")>  fi  ("■)'  ^^-  being  the  same  as  in  (32). 
Or, 

/(tt  +  np)  =/,  (tt)  +/i  (tt)  np  +f,  (tt)  ny  +  &c. ; 

so  that,  making  n  =  0,  we  have/^  (tt)  =/(t). 

Determining  then  the  successive  coefficients  by  (34),  we 
have  finally, 

,,         V      .,  s     ^fM  1    AY(t)  , 

wherein  it  is  to  be  remembered,  that 

A/(7r)^/(7r)-/(7r-A7r)^ 
Att  Att 

When  A7r=  0,  the  symbols  tt  and  p  become  commutative, 
and  (35)  assumes  the  form  of  Taylor's  theorem. 

As  a  particular  application  of  the  above,  suppose  that  we 
liave  given  the  trinomial  equation 

(i)' +  aZ>  +  J)  w  +  (cZ>  +  e)  €*i^  4-/6»«w  =  0 (a), 

and  that  we  desire  to  ascertain  whether  this  can  be  trans- 
formed into  a  binomial  equation  by  assuming 

7r  =  D  —  m^y    p  =  €^, 

assumptions  which  satisfy  the  law 

/Wp=/>/(t+i). 

Here  we  have  I>  =  7r-h  mp, 

whence       /(D)  =/(,r)  +  ^^^  mp  +  \ ^{^^  mY  +  &c.. 

B.  "D.  E.  29 
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where  Att  =  1,  and  ' 


Hence      i)*+aJ9H-6  =  7r*  +  a7r+6  +  {2ir  —  l  +  a)mp-\'fnrp\ 

cI)  +  e  =  C7r-\-  e  +  cmp. 

Thus  (a)  becomes 

{tt*  +  aw  +  6  +  (27r  —l+a)mp-\-  m^p^]  u 

+  (cir  +  e  +  cmp)  pu  +fp*u  =  0, 

or  7r*+a7r  +  6  +  {(2m+^)7r+m(a— l)+c}p+(m'+cw4-/)p'=0, 

and  this  reduces  to  a  binomial  equation,  Ist^  if  m  be  a  root  of 
the  quadratic  equation 

m*  +  cm  +/=  0 ; 

2ndly,  if  it  be  possible  to  satisfy  simultaneously  the  equations 

2m  +  c  =  0,    m  (a  - 1)  +  e  =  0, 

equations  which  imply  the  condition 

26  -  c  (a  - 1)  =  0. 

The  discussion  of  the  binomial  equation  when  obtained  in- 
volves no  difficulty. 

For  a  discussion  of  the  general  trinomial  equation  of  the 
second  degree,  the  reader  is  referred  to  the  original  Memoir. 


Laplace's  transformation  of  partial  differential  eqtuxtians* 

14.     Laplace  has  developed  a  method  for  the  reduction  of 
the  partial  differential  equatioQ 

Iir  +  8s+  Tt-^Fp+Qq  +  Zz=U (S6), 

B,  8,  T,,..U  being  functions  of  x  and  y,  which  is  deserving 
of  attention  from  its  great  generality. 

One  of  the  auxiliary  equations  in  Mongers  method  is 

.ffd/-  Sdxdy  +  rdaj'  =  0. 
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Let  two  integrals  of  this  equation  be 

and  assume  two  new  variables,  ^  and  rj,  connected  with  x  and 
y  by  the  equations 

The  student  will  have  no  difficulty  in  proving  that  the  given 
equation  will  assume  the  form 

^''   +L^^+M^+Nz=V. (37), 


df  dt)         d^         dr) 

L,  M,  Ny  F  being  functions  of  f  and  rj.  The*  theory  of  the 
reduction  of  this  equation  is  then  contained  in  the  following 
propositions : 

1st,  The  equation  (37)  may  be  presented  in  the  form 

Hence,  if  the  condition 

'    N-LM-^=0 (39) 

be  satisfied,  and  we  assume  (-j-  +  Ljz  =  z\  we  shall  have 

The  solution  of  the  given  equation  is  then  dependent  on  that 
of  two  partial  differential  equations  of  the  first  order. 

2ndly,  Inverting  the  order  of  the  symbolic  factors,  the 
equation  is  also  solvable  if  we  have 

N^LM-^^0 (40). 

Srdly,  The  equation  (37)  can  be  transformed  into  a  series 
of  other  equations  of  the  same  form,  and  therefore  integrated, 
if,  for  any  of  those  equations,  the  condition  (39).  or  (40)  is 
satisfied. 

29—2 
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For,  expressing  it  in  the  form  (38),  let,  as  before, 

(1+^)^=^' w 

Then  (|  +  if)v+(iV-iJf-||).=  F. 

whence  z  = , ,  , 

which  is  of  the  form 

A,  B,  G  being  functions  of  f  and  tj.  Substituting  this  ex- 
pression for  z  in  (41),  we  have  a  result  of  the  form 

-^y^+L-^^  +  M'^J^+N'z'=r (42). 

d^drj  d^  drj 

Thus  the  form  (37)  is  reproduced,  but  with  changed  coeffi- 
cients. Hence  the  equation  is  integrable  if  either  of  the  fol- 
lowing conditions  is  satisfied,  viz. 

N'-L'M'-^=0,    N'-nr-^^O (43). 

d^  dv 

If  neither  be  satisfied,  the  process  of  transformation  maybe 
indefinitely  repeated,  and  should  an  equation  be  obtained  in 
which  either  of  the  relations  (43)  is  satisfied,  the  solution  may 
be  found.  It  has  indeed  been  asserted  that  "  if  the  given 
equation  be  integrable,  we  shall  finally  get  an  equation  in 
which  this  essential  condition  is  satisfied"  (Peacock's  Exam- 
ples, p.  464).  The  state  of  our  knowledge  of  the  conditions  of 
fiuite  integration  does  not  however  warrant  this  confidence. 

A  discussion  of  the  equation 

dz      ^dz 

d^^     id^^         d^'i  .      dc    -^  dy  ^         gz^ _^     .. 

di*        dxdy        af        hx-^ky        Qix  +  kyY^ 
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by  Laplace's  method  is  given  in  Lacroix  (Tom.  Ii.  pp.  611- — 
614),  but  it  is  far  too  long  and  too  complex  to  find  a  place 
here.  The  best  mode  of  treating  the  equation  is  probably  the 
following.  Let  s  and^  be  two  new  variables  connected  with 
X  and  y  by  the  linear  relations 

hx  +  ky  =  8,    t/  +  mx  =  f , 

of  which  one  is  suggested  by  the  form  of  the  given  equation, 
while  the  other  is  adopted  in  order  to  put  us  in  possession  of 
a  disposable  constant  m.  Transforming,  and  making  in  the 
result  5  =  €*,  we  obtain  the  symbolical  equation 

[AD{D^l)^-ED^'g]z^-j^[B{D--\)+F\^Z'[^^ 

in  which 

A  =  ah^  +  bhk  +  cJ(^,    B=2ahm  +  h  {h  + km) +2ck, 

C  =  am^  +  bm  +  c,       E^eh+fk,      F=em-{-f. 

The  equation  will  be  a  binomial  one,  if  m  be  determined  so 
as  to  make  (7=0.    We  h^ve  then 

aw'  +  6wi  -4-  c  =  0, 
while  the  symbolical  equation  (J)  becomes 

and  is  integrable  if  the  following  condition  is  satisfied,  viz. 

^--^-^±VK^-^'-^^l=an  integer  or  0. 
B  2A  . 

This  condition  will  be  found  to  include  the  one  to  which 
Laplace's  method  leads. 

At  the  same  time  it  is  seen  that  the  equation  (J)  assumes 
the  binomial  form  under  other  conditions  than  the  above; 
e.g.  if  we  have  simultaneously 

B  =  0,    25^=0, 

from  which,  by  elimination  of  m,  we  find 

/(2aA  +  5A)  -  e  (6A  +  2oA)  =  0. 
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This  condition  being  satisfied,  and  m  determined,  the  sym- 
bolical equation  becomes 

and  is  integrable  if  the  two  roots  of  the  equation 

Am  (m  —  1)  +  Em  +  ^r  =  0 

differ  by  an  odd  integer.    There  are  probably  other  cases 
dependent  on  the  reduction  of  Art.  (13). 

In  one  respect. Laplace's  transformation  possesses  a  gene- 
rality superior  to  that  of  all  others.  For  its  tentative  applica- 
tion fewer  restrictions  on  the  coefficients  of  the  given  equation 
are  necessary.  But,  that  the  application  may  succeed,  other 
conditions  seem  to  be  demanded  which  render  the  estimation 
of  the  true  measure  of  its  generality  difficult.  And,  in  par- 
ticular instances,  it  is  seen  that  it  is  less  general  than  the 
method  of  the  foregoing  sections. 

Miscellaneovs  Notices. 

15.  Of  special  additions  to  the  theory  of  the  solution  of 
differential  equations  by  symbolical  methods,  the  following 
may  be  noticed. 

1st,  Professor  Donkin  has  shewn  that,  if /(a?)  be  any  func- 
tion capable  of  development  in  powers  of  x,  then  whatever 
may  be  the  interpretations  of  the  symbols  tt  and  p,  we  have 

f{p'^'!rp)u  =  p'^f{ir)pu (44). 

This  is  evident  from  the  consideration  of  such  cases  as  the 
following: 

(p'^irpy  =  p'^m-pp^^irp  =  p'^'n^p* 

We  are  thus  enabled  to  generalize  many  important  theorems. 

-1-  +  ^'(^)  f  ^  ==  ^"*^*^  T"  ^'\  W6  have 

/|^  +  f(«,)}«  =  e-*(')/(^)e*(')«  (45). 

(Camhridge  Ma^fiematiocd  Journal,  2nd  Series,  Vol.  v.  p,  10.) 
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2ndly,  Mr  Hargreave,  observing  that  the  symbols  -r-  and 

—  X  are  connected  by  the  same  laws  as  x  and  -v-  (the  proof 

of  this  will  afford  an  exercise  for  the  student),  has  remarked 
that  if  in  any  differential  equation  and  its  symbolic  solution  we 

change  x  into  -7- ,  and  -7-  into  —  x,  we  shall  obtain  another 

form  accompanied  by  its  symbolic  solution.  {Philosophical 
Transactions  for  1848,  Part  l) 

Applying  this  law  of  duality  to  the  known  solution  of  the 
linear  differential  equation  of  the  first  order,  it  is  easy  to  shew 
that  the  equation 

x4>{D)u-\-'^{D)u^X 
has  for  its  symbolic  solution, 

w  =  {^(2))}-'€x(i»^-^e-x(i»X (46), 

where  X(^)=/^;§^A 

a  form  which  had  before  been  established  on  other  grounds 
[Philosophical  Magazine^  Feb.  1847).  Many  other  illustrations 
of  the  same  law  wilt  be  found  in  the  memoir  of  Mr  Hargreave 
referred  to. 

Srdly,  The  method  by  which  the  development  of/(7r  +  p) 
is  obtained  in  Art.  13,  leads  to  other  and  similar  results,  of 
which  the  following  is  among  the  most  interesting,  viz. 

/(*  +  £}  «={^('^)  +  ^'(-)  L  +  o^"(-)^  +  &c.}«...(47), 

the  coefficients  of  the  expansion  in  the  second  member  follow- 
ing the  law  of  Taylor's  theorem,  and  the  function  F{x)  being 

equal  to  e'^***'  f{^)*  {Cambridge  Mathematical  Journal,  1st 
Series,  Vol.  iv.  p.  214.) 

The  last  theorem  enables  us  to  integrate  at  once  any  equa- 
tion of  the  form 
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where  F{oo)  is  a  rational  and  integral  function  of  x.    For  let 

an  expression  always  finite  under  the  conditions  supposed. 
Then  the  given  equation  assumes  the  form 

/(7r)M=X, 

Avhere  tt  =  a?  +  -7-  ,  and  may  be  treated  by  the  method  of  the 

last  section. 

Other  examples  of  the  expansion  of  functions  whose  symbols 
are  non-commutative — some  of  them  admitting  of  a  similar 
application — will  be  found  in  the  memoir  of  Professor  Donkin 
above  referred  to,  and  in  an  interesting  memoir  by  Mr  Bron- 
win  (Camb7*idge  Mathematical  Journal,  Vol.  iii.  p.  36). 

4thly,  Many  important  partial  differential  equations  of  the 
second  order  admit  of  reduction  to  the  form 

du  dv     dudv  __^ 
ax  dy     dy  dx      ' 

a 

whence  an  integral  u=f(v)  may  be   deduced.     Thus   the 
equation 


s-  J^t  +  1  =  0, 


\dp  dq      dq  dpj^  ^     dp        \dq      dp  J        dq 

where  ff>  and  -^  represent  any  given  functions  otp  and  j,  may 
be  expressed  in  the  form 

dx  dy  dy  dx  ' 

whence  <^  —  a;  =  F(^^  —  y)  is  a  first  integral.  Mainardi  has 
shewn  that  nearly  all  the  equations  which  occur  in  Monge  s 
Application  de  V Analyse  d  la  Odom^triey  admit  either  of  the 
above  reduction,  or  of  a  purely  symbolical  mode  of  solution. 
{Tortolini,  Vol.  v..  p.  161.) 

5thly,  The  Author  is  indebted  to  Mr  Spottiswoode  of  Oxford 
for  an  interesting  communication  on  the  laws  of  combination 
of  symbols  which  are  at  the  same  time  linear  with  respect 
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to  -Y- ,  -T- ,  &c.  and  linear  with  respect  to  x,  y,  &c.  The 
following  is  one  of  the  results.     If,  assuming 

d         d  d  ^      d 

a  partial  differential  equation  can  be  presented  in  the  form 

on  the  assumption  that  -j-  and  ^  operate  only  on  the  subject  w, 

then  it  can  be  expressed  in  the  form  Fiyr^,  tt^u  =  0,  indepen- 
dently of  such  restrictive  hypothesis.  It  might  be  added,  that 
all  such  equations  are  reducible  to  equations  with  constant 
coefficients,  by  assuming 

iog(^+y)J  =  a.',  iog(^-±|)*=y. 

To  the  above  might  be  added  many  other  special  deductions, 
isolated  now,  but  destined  perhaps,  at  some  future  time,  to  be 
embraced  in  the  unity  of  a  larger  theory. 


EXERCISES. 

1.  Integrate  x^  -r-r^  +  4fx-j —  g^Vu  =  0. 

2.  Integrate  (x^-ar*)  j^^-(a?  +  3iB')^  + (l-a?)w  =  0. 

3.  Biccati's  equation  is  reducible  to  the  form 

~  +  bcx'^w  =  0. 
dx'' 

Hence  investigate  the  conditions  of  integrability. 

be 
The  symbolical  form  is  »  + ^^77^337  c^"*+*^«?=0;  and  this  may  either  be 

reduced  directly  by  Prop.  in.  to  a  form  integrable  by  Prop,  i,  or,  by  assmning 
(m+2)$=2e'f  converted  into  a  particular  case  of  Art.  7  in  the  Chapter. 
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4.  The  equation  -73  +  —  -t-  +lu=^0  is  integrable  in  finite 
terms  if  a  is  an  even  number. 

5.  The  equation  -j-^  H -r-  =  haf^u  is  integrable  in  finite 

terms  if  w  =  —  .  ""     ,  where  %  is  a  positive  whole  number 
orO. 

6.  The  more  general  equation 

(Pu     rdu 


adx     \  a?)  * 


which  includes  the  above,  is  integrable  in  finite  terms  if 

2V{(l-~r)'  +  4^} 
'^  +  '^"  2i  +  l 

i  being  a  positive  whole  number  or  0.    (Malmsten,  Cambridge 
Mathematical  Journal,  2nd  Series,  Vol.  V.  p.  180.)   Verify  this. 

7.  As  an  illustration  of  the  theory  of  disappearing  factors, 
integrate  the  equation 

+  {(a  + 1)  ja?-  6i}w=  0. 

8.  The   equation    (1  -  ^)  tJ  -  ^^  ^"^  ^^  =  ^   ^^  ^^^" 
grable  in  finite  terms  in  the  following  three  cases;  viz. 

1st,  If  -  is  an  odd  integer ; 
a 

2ndly,  If  . /Jq j  +  —I  is  an  odd  integer; 

is  an  even  integer. 
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9*     Integrate  the  partial  differential  equation 

dj?     dy*     xdx 

10.  The  partial  differential  equation 

2i 
is  integrable  in  finite  terms  if  J  =  q.     -  .    {Legendre.    See 

Lacroix,  Tom.  ii.  p.  618.)     Verify  this. 

11.  Shew  that  the  sum  of  the  series 

1.2...niB  +  2.3...(w  +  l)a?*...+^(|?  +  l) ...  (i)  +  n-l)af 
.may  be  expressed  in  the  form 

12.  Sum  the  series 


d^yaj*-a?'+* 


,      Vx     2V       3V        . 

^  +  X  +  iT2-»T273  +  *'- 

13.  The    equation     (a  +  ia?)  -i-,  +  (/+  gx)  -r-  +  w^pm  «  0 
is  integrable  in  finite  terms  if  n  is  an  integer. 

Apply  the  method  of  Art.  13  to  rednoe  the  symbolioal  equation  to  a  bino- 
mial form.    Or  assume  a  +  to=t. 

14.  The  differential  equation 

can  be  integrated  in  finite  terms,  whatever  function  of  x  is 
represented  by  Q,  (Curtis,  Cambridge  Mathematical  Journal, 
Vol.  IX.  p.  280.) 
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The  equation  may  be  expressed  in  the  form 

Let   6^«**M=t7;   then  compare  the  resulting  form  with  Ex.  8  of  the 
Chapter. 

15.  Shew  generally  that,  if  we  can  integrate  the  equation 

we  can  integrate/  f-v-  +  Qj  u  +  ^  (x)u  =  X, 

16.  We  meet  the  equation 

(Py     l-.Vrfy         1 

dc'^  c-c'  dc      1-0*^      "' 

in  the  theory  of  the  elliptic  functions  (Legendre's  modular 
equation).  Shew  that  it  is  not  integrable  in  finite  terms,  but 
is  integrable  in  the  form  y^A  +  B  log  c,  where  A  and  B  are 
series  expressed  in  ascending  even  powers  of  c. 

17.  Prove  the  following  generalization  of  .Prop.  in. 

18.  Prove  the  following  still  more  general  theorem, 
FiD,  <f>  (D) .-}  =  P,^J  F{D,  f  {D) .-}  P,  p^^ . 
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CHAPTER  XVIII. 

SOLUTION  OF  LINEAR  DIFFERENTIAL  EQUATIONS  BY 

DEFINITE  INTEGRALS. 

1.  The  solution  of  linear  differential  equations  by  definite 
integrals  was  first  made  a  direct  object  of  inquiry  by  Euler. 
His  method  consisted  in  assuming  the  form  of  the  definite 
integral,  and  then,  from  its  properties,  determining  the  class 
of  equations  whose  solution  it  is  fitted  to  express.  Laplace 
first  devised  a  method  of  ascending  from  the  differential 
equation  to  the  definite  integral.  And  Laplace's  is  still  the 
most  general  method  of  procedure  known.  Its  application  is 
however  not  wholly  free  from  difficulties,  due  partly  to  the 
present  imperfection  of  the  theory  of  definite  integrals,  partly 
to  an  occasional  failure  of  correspondence  in  the  conditions 
upon  which  continuity  of  form  in  the  differential  eguation 
and  continuity  of  form  in  its  solution  depend.  Indeed  it 
ought  never  to  be  employed  without  some  means  of  testing 
the  result  a  posteriorly  e.g.  by  comparison  with  the  solution 
of  the  proposed  differential  equation  in  series.  Frequently 
indeed  it  is  possible  to  deduce  the  solution  in  definite  inte- 
grals from  the  solution  in  series  without  employing  Laplace's 
method  at  all. 

Laplace's  method  is  applied  with  peculiar  advantage  to 
equations  in  the  coefficients  of  which  x  enters  only  in  the  first 
degree,  and  of  which  the  second  member  is  0.  Expressing 
any  such  equation  in  the  form 


-K^)"+^(S"=^ (^)' 


we  must  assume 


u 


^^je^Tdt, 


T  being  a  function  of  t,  the  form  of  which,  together  with  the 
limits  of  integration,  must  be  determined  by  substituting  the 
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expression  for  u  in  the  proposed  diflFerential  equation.  Effect- 
ing this  substitution,  we  have  a  result  which  may  be  thus 
expressed, 


or,  since 


jxe^<l>  (t)  Tdt+  j^ir(t)  Tdt=^0 (2). 

Of  this  however,  the  first  term  is,  by  integration  by  parts, 
reducible  to  the  form 

Thus,  (2)  assumes  the  form 

^^it)T-f^\^^[<}>{t)T]-f{t)T^dt  =  0 (3). 

and  will  therefore  be  satisfied/  if  we  make 

The  former  of  these  equations  has  reference  only  to  the 
limits ;  the  latter,  expressed  in  the  form 

gives  on  integration, 

and  determines  T  in  the  form 
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Thus,  we  have 


«=(7J 


."^Jtir;* 


dt (4), 


the  limits  of  integration  being  determined  by  the  equation 


^+/^(^)<i^__ 


g— j^(Q».^0 (5). 

Should  this  equation  have  n  distinct  roots,  these  may 
evidently  be  so  disposed  as  to  give  n  —  1  distinct  particular 
integrals. 

Such  is  the  general  statement  of  Laplace's  method.  Applied 
to  an  equation  in  the  coeflficieuts  of  which  the  highest  power 
of  X  involved  is  the  n***,  it  would  make  the  determination  of 
T  depend  on  the  solution  of  a  diflFerential  equation  of  the  «*** 
order*  Other  practical  limitations  may  be  noted.  For  in- 
stance, the  method  is  only  directly  applicable  to  the  expression 
of  integrals  which  produce  on  development  series  of  a  certain 
form.  Thus,  if  we  develope  the  exponential  in  the  assumed 
expression  for  u,  we  have 

u  =  lldt  +  X  JTidt  +  j^  JTfdt  +  &c., 

an  expansion  in  which  positive  and  integral  powers  of  x  alone 
present  themselves.  Integrals  of  different  forms  may,  however, 
by  preparation  of  the  differential  equation,  be  brought  under 
the  dominion  of  the  method.  These  and  other  points  we  pro- 
pose to  illustrate  by  the  detailed  examination  of  a  special  but 
very  important  example,  particular  forms  of  which  are  of  very 
frequent  occurrence  in  physical  inquiries.  We  shall  first,  in 
accordance  with  what  has  above  been  said,  determine  the 
different  kinds  of  solution  in  series  of  which  the  equation 
admits.  This  part  of  the  investigation  is  intended  to  be 
supplementary  to  Art.  9  of  the  last  Chapter. 

-,       .^.           d^u  ,     du      ^         ^ 
Ex.    Given  a?-T-^  +  ^ ;/ ?^^  ~  ^* 
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Solutions  expressed  hy  Series. 
2.    The  symbolical  form  of  the  above  equation  is 

'"-i)(i)fa-l)^'-°Q (^)- 

Hence,  if  an  integral  be  expressible  in  the  form  Sw^a?" 
the  law  of  formation  of  the  coefficients  u^  will  be 

"*«     m(m-ha-l) ^'^' 

while  the  lowest  value  of  m  will  be  0,  or  1  —  a.  Thus,  except 
in  a  particular  case  to  be  noticed  hereafter,  the  complete  in- 
tegral will  be 

The  two  series  in  the  general  value  of  u  are  evidently  cod- 
vergent  for  all  values  of  x.  As  this  question  of  the  conver- 
gency  of  series  is  sometimes  important  in  connexion  with  the 
solution  of  differential  equations,  the  reader  is  reminded  that 
according  as,  in  the  series  of  terms  or  groups  of  terms 

Wo  +  ^1  +  "2  +  <^^-> 

the  ratio  — -  tends,  when  n  is  indefinitely  increased,  to  a 

limit  less  or  greater  than  unity,  the  series  is  convergent  or 
divergent;  when  the  ratio  is  less  than  unity  but  tends  to  unity, 
we  must  apply  a  system  of  criteria  developed  by  Professor  De 
Morgan  (Differential  and  Integral  Calculus.,  p.  325*). 

*  That  this  system  virtually  includes  previous  special  results  has  been 
proved  by  Bertrand  {Limiville,  Tom.  vii.  p.  35) ;  that  it  is  a  legitimate  deve- 
lopment of  the  fundamental  principles  of  Cauchy  has  been  established  by 
Paucker  [CrelU,  Band  xlii.  p.  138). 


\ 
\ 


ART.  2 J  SOLUTIONS  EXPRESSED  BY  SERIES.  465 

When  a  is  an  odd  integer,  the  general  integral  will  involve 
a  logarithm.     In  particular  if  a  =  1,  we  shall  have 

a^  and  h^  being  arbitrary  constants,  and  the  succeeding  coeffi- 
cients determined  by 

f»V«  +  2m&«  -  q^a^^  =  0,     m*6«  —  5'&«_3  =  0 (10). 

The  symbolical  equation  (6)  indicates  by  its  form  that 
there  are  no  solutions  expressible  in  descending  powers  of  a:, 
and  infinite  in  one  direction  only — i,e.  beginning  with  some 
finite  exponent,  and  presenting  a  series  of  exponents  thence 
descending.  But  the  equation  may  be  transformed  so  as  to 
admit  of  a  solution  of  this  kind.  For,  as^ming  u  =  e^% 
we  shall  have 

eft;  ,  ,       o    \<^'y  A 

and  of  this  the  Symbolical  form  will  be  found  to  be 

D{D  +  a-l)v-2q{D  +  ^^l)^v^0. (11); 

whence,  if  t;  be  developed  in  a  series  of  the  form  'Zv^x'*^,  the 
law  of  derivation  of  the  coefficients  will  be 

m{m+a  -  l)i;^-  2j(m+  |-  l)i;,„.^=  0. 

It  follows  from  this  that  there  will  be  two  ascending  and 
convergent  series  for  v,  and  one  descending  and  divergent 
series.  The  law  of  the  latter  series  is,  by  changing  m  into 
m  +  1,  more  conveniently  expressed  in  the  form, 


^m  ^  ■"■""■^■^"Trr"^  ^m+i* 


{m+l){m  +  a) 
2q(m  + 
B.  D.  E.  30 


u—Ee^'x'X 
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Hence,  the  first  exponent  will  be  —  5,  and  the  ultimate 
value  of  u  will  be 

If  we  assume  t*=€**'t>,  and  proceed  as  above,  we  shall  obtain 
for  V  the  symbolical  equation, 

2>(2)  +  a-l)t;  +  2g(Z>  +  |-l)€«t?  =  0 (13), 

and  as  this  differs  from  the  previous  equation  for  v,  only  by  a 
change  of  sign  affecting  y,  we  at  once  deduce  a  second  value 
of  M,  in  the  form 

1(1-')  i(i+')(|-')(i-^)     ) 

the  terms  within  the  brackets  being  alternately  positive  and 
negative. 

Both  the  descending  series  are  finite  when  a  is  an  eyen 
integer,  and  though  for  all  other  values  of  a  they  are  infinite 
and  ultimately  divergent,  yet  if  x  be  large  they  begin  witli 
being  convergent,  and  may  under  certain  circumstances  be 
employed  for  numerical  calculation.  * 

Thus,  we  have  obtained  two  solutions  expressed  in  ascend- 
ing series  always  convergent,  and  two  solutions  involving 
series  expressed  in  descending  powers  of  cc,  and  ultimately 
divergent. 

As  concerns  the  convergent  series  for  v,  derivable  from  the 
transformed  equations  (11)  and  (13),  we  may  remark  that 
when  multiplied  by  the  developed  exponentials,  they  will  only 
reproduce  the  convergent  series  for  u  already  obtained  in  (8). 

One  observation  yet  remains.'  We  have  seen  that  each  of 
the  assumptions  u  =  e^'v  and  u  =  €"**i;  transforms  the  proposed 
differential  equation  into  another  of  which  the  solution  in  a 
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descending  series  is  finite  when  the  given  equation  admits  of 
finite  integration.  This  species  of  transformation  is  frequently 
possible.  To  accomplish  it  we  must  assume  u  =  Qv,  the  form 
of  Q  being  determined  by  the  solution  of  that  differential 
equation  upon  which,  by  Props.  Ii.  and  III.  Chap,  xvil.,  the 
solution  of  the  proposed  equation,  when  possible  in  finite 
terms,  is  dependent. 


Solution  of  the  Equation  hy  Definite  Integrals, 

3.     Comparing  the  proposed  equation, 

cPu  ^     du      2         ^  .^  ^, 

"^d^  +  ^dS^S^^^   (^^)' 

with  the  general  form  (1),  we  have 

Hence, 

therefore  j^^  =  l^^S{^-i% 

Substituting  these  values  in  (4),  we  have 

u=^cJ€^{f-qy'^dt (16), 

while,  for  the  limits  of  integration,  (5)  gives 

Hence,  supposing  a  positive,  and  confining  our  attention  for 

a 

the  present  to  the  factor  (^— g*)^,  which  alone  determines  t  in 
perfect  independence  of  x,  we  find  t=^±q.    Thus, 


J  —Q 


30—2 
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Assuming  then  t^q cos  0,  and  changing  the  sign  of  the 
arbitrary  constant, 


•'0 


€9'^^{sm0)'^^d0   (17), 


and  this,  as  its  form  suggests,  and  as  we  shall  hereafter  shew, 
is  an  expression  for  the  particular  integral  represented  by  the 
first  convergent  series  in  the  general  value  of  u,  given  in  (8). 

To  deduce  another  integral,  let  us  in  the  symbolical  equa- 
tion (6)  assume  w  =  €<^"*^*t;.     We  find 

^-(i>4-f-a)i>^"  =  ^    (^')- 

Hence,  a  value  of  v  may  be  determined  from  that  of  u  by 
changing  a  — 1  into  1  — a;  i.e.  by  changing  a  into  2  — a. 
Thus  we  have,  for  the  second  particular  integral, 


u  =  C^ai''^f^^^^  (sin  0Y-<^d0, 

•'0 

provided  that  2  — ale  positive. 

Hence,  if  a  lie  between  0  and  2,  we  have  for  the  complete 
integral, 

14=  cT^^9  (sin  5)«"W+  a,a^-r  €«*«>«•  (sin  ^)'-«d^...(19). 


If  a  =  1,  the  two  particular  integrals  in  the  above  expression 
merge  into  one.  To  deduce  the  true  form  of  the  general 
integral,  we  may  proceed  thus, 

M=  fV«««{C;(sin5)«-^+  C^{x^m0y-^]d0, 

Jo 

=/y«-|^  (sin  ^-,+5  (fE^::^^^!^^!  ag^ 

on   replacing   C^  and    C^  by  two  new  arbitrary  constants, 
A  and  B. 
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Now  wheil  a  =  1,  we  find  by  the  usual  mode  of  ti'eating 
vanishing  fractions, 

(sin  ^"-^-(^  sin  ^'-     ,     ,   ,.    ^,, 

Thus, 

u^  r^^«>»«[4  +  51og{^(sin5)'}]dd    (20). 

Jo 

This  is  the  complete  integral  of  the  equation 

and  a  similar  form  exists  for  all  cases  in  which  a  is  an  odd 
integer. 

4.  We  proceed  to  the  cases  in  which  a  is  fractional  and 
does  not  lie  between  the  limits  0  and  2.  By  the  application 
of  Props.  II.  and  III.  Chap,  xvii.,  this  case  can  be  reduced  to 
the  case  in  which  a  does  lie  between  the  limits  0  and  2. 
First,  suppose  a  negative;  then  we  may  assume  a=a  —  2n, 
where  a  lies  between  0  and  2,  and  w  is  a  positive  integer. 
In  this  case,  the  first  term  of  (19)  will  need  transformation. 
Now  the  symbolical  equation  (6)  becomes 


w  — 


2" 


D{D  +  a'-2n,-l) 
Hence,  if  we  assume 


€*'tt  =  0. 


we  shall  have 

u  =  (D+a'-l)(D  +  a'-2)...(D  +  a'-2n+l)v'    " 

in  which 

v^cJ'^^»{ame)''-^d0 (23). 
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And  this  particular  expression  for  u  must  replace  the  first 
term  in  the  general  value  of  u  given  in  (19).  The  dififeren- 
tiations  may  obviously  be  performed  under  the  integral  sign. 

As  a  particular  illustration  suppose  a  to  lie  between  0  and 
—  2,  then  n  =  1,  a  =  a  —  2,  whence   . 

X  cue  ax 

The  particular  value  of  u  which  must  replace  the  first  term 
in  the  general  value  (JL9)  will  therefore  be 

Effecting  the  differentiations,  and  substituting  in  (19),  we 
have,  for- the  general  value  of  w, 

u^a  f V«>«« ((7« cos  ^ -f  a  +  1)  fsin  fff'^'de 


^  (7,  [  V«>««  {qx  cos  ^  +  a  +  1)  (sin  ff) 

Jo 


+  <7,a?''«  ( V  "^  *  (sin  e)^-^dd. 


Secondly,  when  a  is  greater  than  2,  the  assumption 

u  =  d^^'^^v,    i.  e.  w  =  x^'^'Vy 

in  effect  converts  a  into  2  —  a.  Compare  (6)  and  (18).  In 
effect,  therefore,  it  converts  a.  into  a  negative  quantity,  and 
reduces  the  present  case  to  the  preceding  one. 

It  remains  only  to  notice  that  when  a  is  an  even  integer, 
the  complete  integral  is  expressible  in  finite  terms.  Chap. 
XVIL  Art.  3. 

Collecting  these  results  together,  we  see  that,  according  as 
a  is  an  even  integer,  a  fraction,  or  an  odd  integer,  the  complete 
integral  is  expressible  in  finite  terms,  or  by  definite  integrals 
producing  on  development  two  algebraic  series,  or  by  definite 
integrals  producing  on  development  two  series,  one  of  which 
is  multiplied  by  the  factor  log  x.  We  propose  before  going 
farther  to  verify  these  results. 
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Verification. 

5.  If  in  the  solution  (19),  we  develope  the  exponentials, 
and  for  brevity  write 

f '(cos^)-  {sia0)'^'d0=A^  T  (co3^":  (sin  eydO  =  5^ . . .  (24), 

we  shall  have 

the  summation  denoted  by  2  extending  to  all  positive  inte- 
gral values  of  m,  from  m  =  0  to*  m  =  oo .  Thus  the  general 
value  of  u  is  expressed  by  two  series,  whose  equivalence  to 
the  series  given  in  (8)  it  remains  to  establish. 

Now,  when  tn  is  odd,  -4^=s0,  jff^=0,  the  positive  and 
negative  elements  in  each  integral  mutually  destroying  each 
other.    Again,  by  a  known  formula  of  reduction, 


/ 


/      /iv«  /  •    /i\»  ja     (cos  ^)"    (sm^) 
(cosd)"  (sm  Oy'dS  =^- — r ^ 


n+l 


W  — 1 


^r(cos^'^-*(sin^)**d^. 


Supposing  the  Kmits  0  and  tt,  the  term  free  from  the  sign 
of  integration  vanishes  at  each  limit  when  n  is  positive,  and 
we  have,  changing  n  successively  into  a  —  1  and  1  —  a, 

Now  let  the  coefficient  of  «*  in  the  first  series  in  (25)  be 
represented  by  «^,  then 

*'-""^u.2...m'  *"•*-•  ■"^^iT2:r(^yr=2)^ 

therefore  ^  =  -—i*^--^  =  ^ —     by  (2G). 

^m-%     w  (w  —  1)  -d^.j     m  (w  +  a  - 1)    •'  ^    ' 
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Now  this  is  the  law  of  the  coefficients  assigned  in  (7). 
And  just  in  the  same  way  may  the  second  series  in  (25)  be 
verified.  Thus  the  development  of  the  general  solution  (19) 
produces  the  two  convergent  series  of  the  solution  in  Art.  2. 

The  verification  of  the  solution  (20),  though  somewhat 
more  difficult,  may  be  eflfected  on  the  same  principles. 

Developing  the  expolieiltial,  and  assuming 

r(cos^)~d^  =  ^«,     ['(cos^)"  (logsin  ff)  d0=^F^, 

Jo  Jo 

we  shall  have 

the  summation  extending  to  all  even  integral  values  of  m, 
from  m  =  0  to  m  =  00  • 

Now  it  may  be  shewn  that 

TP  —  ^""^  jp          TP  ^  m  —  l  p         1  «  ,a^. 

"*     "nT'    "*"*'        "* ""  ~m"    ""* ""  m    * ^"^    '' 

and  it  will  be  found  that  these  relations  establish,  for  the 
coefficients  of  the  series  involved  in  (27),  the  same  laws  of 
successive  derivation  as  are  assigned  in  (10). 

The  verification  of  the  solution  (22)  involves  no  difficulty. 

Solution  hy  Definite  Integrals  resumed. 
6.    In  Art.  3,  we  found  for  the  equation  of  the  limits, 

e-(i»-2»)?  =  0 ...'(29), 

from  which,  in  order  to  determine  the  limits  in  perfect  in- 
dependence of  X,  we  rejected  the  factor  €**.  In  the  discussion 
of  the  same  problem  in  the  great  work  of  Petzval*,  now  in 
course  of  pubUcation,  that  factor  is  retained,  giving,  according 

*  Integration  der  linearen  IHfferentialgleiehungen  mit  Constanten  wul 
verdnderlichen  Coefficienten,  [The  seco&d  Yoliuae  concludhig  the  work  was 
published  m  1859.] 
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as  o;  is  positive  or  negative,  thie  additional  limit  —  oo  or  oo  . 
And  thus  the  following  solutions  are  arrived  at,  viz.: 

u  =  C,j'  ^{f^<f)^''dt+G,re^{e^qy''dt (30), 

when  X  is  positive,  and 

u^cj'  €^(i^'-.(f)^''dt+C,r€^{e--2y''dt (31), 

J  -g  J  q 

when  X  is  negative.'  It  will  be  observed  that  it  is  in  their 
second  terms  that  the  above  expressions  for  u  differ  from  the 
expression  given  in  (19),  and  the  question  arises,  what  do 
those  second  terms  really  represent  ?  We  propose  here  to 
consider  this  question* 

Supposing  X  positive,  we  have  to  examine  the  term 

C,r^{f-if'^dt 

J  "CO 

Now  this  expression,  on  assuming  i5  =  —  j'  (1  +  i9),  so  as  to 
make  the  limits  of  integration  0  and  oo ,  and  performing  re- 
ductions affecting  only  the  arbitrary  constant,  becomes 

Jo 

or,    Ce^r  ^^\2d^-ej'\de (32). 


It  is  easy  to  see  that  this  cannot  produce  either  of  the  par- 
ticular integrals  represented  by  ascending  developments  in  (8). 
For,  if  we  develope  the  exponential  under  the  sign  of  inte- 
gration, the  coejfficient  of  af*  in  the  factor  represented  by  the 
definite  integral,  will  be 


l=^re^^2e^^f-ae. 


But,  m  and  a  being  positive,  it  is  manifest  that  the  expres- 
sion is  infinite. 


>• 
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We  may,  however,  expand  the  definite  integral  in  flescendr 
ing  powers  of  x.  Developing  the  binomial  in  ascending 
powers  of  6^  and  integrating  by  the  well-known  theorem 

(32)  assumes  the  form 

Now  observing  that  T  (^  +  l)  =  5  r[|j  &c.,  substituting 

and  merging  the  common  factors  in  the  arbitrary  constant^ 
we  have 

*-'  ■  {'+ V- ^    12.(4')'   '^ •••■""■ 

which  agi'ees  with  (12)*  Exactly  in  the  same  way  Petzval's 
second  integral  for  the  ease  in  which  x  is  negative,  represents 
the  other  descending  and  divergent  series  (14). 

7.  We  thus  see  the  true  nature  of  the  distinction  between 
Petzval's  form  of  solution  and  those  obtained  in  Art  2. 
The  latter  represent  the  two  converging  and  ascending 
series  derived  immediately  from  the  dififerential  equation. 
The  former  represents  one  of  those  series  accompanied  by 
the  divergent  series  derived  from  a  transformed  differential 
equation*. 

*  Spitzer,  in  a  recent  Memoir  in  Crewe's  Journal  (VoL  liv,  p.  280),  shews 
that  when  the  coefficients  of  the  dSSerenULal  egnation 

satisfy  the  condition  a^^  -  a,J)^=h^,  the  solution  wiU  be 
where 
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It  is  known  that  in  the  employment  of  divergent  series 
an  important  distinction  exists  between  the  cases  in  which 
the  terms  of  the  series  are  ultimately  all  positive,  and  alter- 
nately positive  and  negative.  In  the  latter  case  we  are, 
according  to  a  known  law,  permitted  to  employ  that  portion 
of  the  series  which  is  convergent  for  the  calculation  of  its 
entire  value.  Now,  a  being  positive,  the  series  (12)  assumes 
this  character  when  a>  is  positive,  the  series  (14)  when  x  is 
negative.  But  these  are  precisely  the  cases  in  which  these 
series  are  represented  by  J?etzval*s  integrals. 

When,  for  the  calculation  of  an  element  dependent  on  the 
solution  of  a  differential  equation,  ascending  and  descending 
series  are  both  employed  (the  former  for  small,  the  latter  for 
large  values  of  the  independent  variable),  it  is  necessary  to 
determine  the  connexion  of  the  constants.  For  this  purpose 
the  expressions  of  the  series  by  definite  integrals  may  be  of 
importance.  On  this,  and  on  other  points  connected  with  this 
subject,  the  reader  is  referred  to  two  most  instructive  Memoirs 
by  Prof.  Stokes*  in  which  some  of  the  equations  of  this  chap- 
ter are  applied  to  physical  problems. 

• 

Partial  Differential  Equations, 

8.  Some  of  the  most  interesting  applications  of  the  above 
method  occur  in  the  solution  of  partial  diflferential  equations. 
The  following  is  an  example* 

Ex.    Required  the  most  general  solution  of  the  equation 

d^u     cPu     cPu  _  ^ 

and  the  limits  are  given  by 

The  dednotion  of  this  as  a  limiting  case  x>f  the  general  solution  may  serve 
as  an  exercise  to  ihe  student.  It  will  be  proper  to  assume  0,+ &sX=v  as  the 
independent  variable. 

Spitzer  expresses  surprise  that  Petzval  has  not  arrived  at  the  above  solu- 
tion.   We«ee  however  that  it  has  no  proper  place  in  Petzval's  aotualscheme. 

*  On  the  Numerical  Calculation  of  a  Class  of  Definite  Integrals  and  Infi- 
nite Series,    Cambridge  Philosophical  Transactions^  Vol.  ix.  Part  i.  p.  166. 

On  the  Effect  of  the  Internal  Friction  of  Fluids  on  the  Motion  of  Pendulums, 
Ibid,  Part  11.  p.  8. 
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which  can  be  expressed  in  terms  of  z  and  r,  supposing 

This  equation,  with  its  supposed  condition,  presents  itself 
in  the  problem  of  determining  the  attraction  of  a  solid  of  revo- 
lution on  an  external  point,  and  in  the  problem  of  the  motion 
of  an  incompressible  fluid,  disturbed  by  the  motion  of  a  solid 
of  revolution  in  the  direction  of  the  axis  of  revolution  z. 

The  transformed  equation  is  easily  found  to  be 

'^d^  +  d7+'"rf7»=^ (^*)- 

Now  the  solution  of  the  equation 

is 

«  =  f V-'VC)  [^  +  51og  {r  (sin  ^'J]  d». 

•'O 

Hence,  replacing  J  by  -7- ,  and  A  and  B  by  arbitrary  func- 
tions of  Zy  we  have,  for  the  solution  of  (34), 


J  Q 


^r^ely/i-l)  ^^  ^^^  _j_  ^  ^^^  j^g  j^  ^^^  ^.j-|  ^^ 


or,  by  the  symbolical  form  of  Taylor's  theorem, 
=  r<f>  {z  +  r  cos  0  V(-  l)}d0 


U 

0 


'0 


f  V  {^  +  r  cos  ^  V(- 1)}  log  [r  (sin  BY]  d0 (35). 

J  6 


Such  is  the  complete  integral. 

In  all  physical  problems  involving  partial  diflPerential  equa- 
tions the  determination  of  the  arbitrary  functions  so  as  to 
satisfy  given  initial  conditions  is  a  matter  of  great  importance, 
and  sometimes,  where  discontinuity  presents  itself,  of  great 
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(liflBculty.  But  though  some  general  principles  might  be  stated, 
the  subject  is  best  studied  in  the  concrete  application. 

In  applying  the  above  solution  to  the  problem  of  attraction 
it  is  required  to  determine  the  arbitrary  functions  so  that  when 
r  =  0  we  should  have  u=^F  (z).  Now,  since,  when  r  =  0,  log  r 
is  infinite,  it  is  necessary  to  suppose  y^  (z)  =  0.    We  have  then 

F(z)-=r<f>{z)d0  =  '2r(l>(z). 

Jo 

Thus  the  solution  under  the  proposed  limitation  becomes 

M  =  1  ['f[z  +  r  cos  5  V(- 1)}  ^^- 


ParsevaVa  Theorem. 

9.  Equations  whose  symbolical  form  is  binomial  generally 
admit  of  solution  by  definite  integrals.  Pfaffs  equation  has 
thus  been  treated  by  Euler.  (Lacroix,  Tom.  ill.  p.  529.)  The 
very  beautiful  theorem  of  Parseval,  which  makes  the  limit  of 
the  series  AA'  +  BR+  (7(7'  +  &c.  dependent  upon  the  limits 

B     C 

of  the  series  A-^-Bu^  Cu^  -|-  &c.  and  A'  +  — h  — j  +  &c., 

should  be  noticed. 

Suppose  that,  for  all  values  of  u.  real  and  imaginary, 

A  +  Bu+  (7w* ... « <f>  (u), 

B^     (j 

-4'  +  — h  -5 ...  =  -^  (t^). 

Then,  multiplying  the  equations  together,, 

Assume,  in  succession,  w  =  €*>^(-*)  and  u  «  €-*>^^'^\  and  add 
the  results. 
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We  find 
2  {AA'  +  BB+C0'+...)+2t  (a«  cos  mff)  +  22  09«  cos  m0) 

Now  multiply  by  d0,  integrate  between  the  limits  0  and  ir, 
observing  that  I    (cosm^)  dO^O,  and  divide  the  result  by 

•'0 

27r,  then 

A  A'  +  BB'  +  ....  =  ,^j'[(f>  {€«V(-^)}  ^  {€«V(-i)} 

+  ^  {e-M-^)}  f  {e-«V(-i)}]  cZ5 (36), 

which  is  the  theorem  in  question. 

Solution  of  Differential  Equations  hy  Fourier  s  Theorem. 

10.  As  Fourier's  theorem  aflTords  the  only  general  method 
known  for  the  solution  of  partial  difiFerential  equations  with 
more  than  two  independent  variables  (and  such  are  the  equa- 
tions upon  which  many  of  the  most  important  problems  of 
mathematical  physics  depend),  we  deem  it  proper  to  explain 
at  least  the  principle  of  this  application,  referring  the  reader 
for  a  fuller  account  of  it  to  two  memoirs  by  Cauchy*. 

As  a  particular  example,  let  us  consider  the  equation 

d^u     r^fd^u  .  d^u  .  ffu\     ^  ,„^, 

d?-^te+dp+d?j=^ (3^)- 

Let  w  =  0  (a?,  y,  z,  t)  represent  any  solution  of  this  equa- 
tion.   By  a  well-known  form  of  Fourier's  theorem, 

4>{x)^^  r  r  dadKei^^^y/^-'^  4>  (a), 

•^  -«•'  -00 

*  Sur  VInUgration  d'Equations  ZinSaires,  Exereiees  ^Analyze  et  de 
Physique  MaMmatique,  Tom.  i.  p.  53. 

Sur  la  Transformation  et  la  Reduction  des  InUgrales  GinSrales  d^un  Sys- 
time  d^Equations  LinSaires  aux  differences  partielles*    Ibid,  p.  178. 
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successive  applications  of  'which .  enable  us  to  give  to  u  the 
form 


00 


"  ^  ^*//////*^'"'''  ^  ^'^  ^'  *'*  *^  ^^^^^t^^^ (38). 


—  oo 


where  -4  =  (a  —  a?)  \  +  (J  —  y)  /*  +  (c  —  ^)  v. 

Substituting  this  expression  in  (37),  and  observing  that 
from  the  form  given  to  A  we  have 

we  have 


00 


^//////^^''''  S  "^  ^'  ^^^  ■'"'*''''■  "'^1  'i'^^^^'^^i^^^ = 0, 


—  00 


<^  being  put  for  ^  (a,  h,  c,  t).     This  equation  will  be  satisfied 
if  ^  be  determined  so  as  to  satisfy  the  equation 

Hence,  integrating  and  introducing  arbitrary  functions  of 
a,  bj  c  in  the  place  of  arbitrary  constants,  we  have  the  par- 
ticular integrals, 

^  =  e'^V^^)  ^^  (a,  h,  c),       <!>  =  e-^V(->)  Xi  («.  &.  c)  •  •  •  (39), 

whereji5=(\'  +  AA*  +  z/')i 

Substituting  the  first  of  these  values  in  (38),  and  merging 
the  factor  ^— ^  in  the  arbitrary  function,  we  have 

OTT 


00 


""/////P"*""''"'''^'  ^"'  *'  ''^  ^(IbdcdXd^idv (40), 


->00 


a  particular  integral  of  the  proposed  equation.  It  may  easily 
be  shewn  that  the  employment  of  the  second  value  of  ^  given 
in  (39)  would  only  lead  to  an  equivalent  result. 
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To  complete  the  solution^  we  observe  that  if,  representing 

THj  +  ;ri  +  ;>""«  ^7  ^>  w®  niake  t  =  €*,  so  as  to  reduce  the 
given  equation  to  the  symbolical  form, 

then,  by  Propositions  ii.  and  ni.  Chap,  xvil.,  the  transforma- 

-iirfv     dv      .,,    . 
tion  w  =  e  *  ;73  =  —  ,  will  give 
uc/      at 

which  is  of  the  same  form  as  the  equation  for  u.  Hence, 
V  admitting  of  expression  in  the  form  (40),  we  have,  on  merely 
changing  the  arbitrary  function. 


00 


tt  =  jj/fff/e^''*'*'' '''"''  t.  («'  &'  c)  dadidcdXdixdv ...  (41). 


-00 


The  complete  integral  is  thus  expressed  by  the  sum  of  the 
particular  integrals  (40)  and  (41).  The  sextuple  integral  by 
which  the  above  particular  values  of  u  are  expressed  admits 
of  reduction  to  a  double  integral  leading  to  a  form  of  solution 
originally  obtained  by  Poisson.  Cauchy  effects  this  reduction 
by  a  trigonometrical  transformation.  It  may  be  accomplished, 
and  perhaps  better,  by  other  means ;  but  this  is  a  matter  of 
detail  which  does  not  concern  the  principle  of  the  solution. 
We  may  add,  that  when  the  function  to  be  integrated  becomes 
infinite  within  the  limits,  Cauchy's  method  of  residues  should 
be  employed.  The  reduced  integral  in  its  trigonometrical 
form,  together  with  Poisson's  method  of  solution,  which  is 
entirely  special,  will  be  found  in  Gregory's  Examples,  p,  504. 

Cauchy's  method  is  directly  applicable  to  equations  with 
second  members,  and  to  systems  of  equations.  The  above 
example  belongs  to  the  genei-al  form 

CPW        rr 
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rl        (J        H 

where  5"  is  a  function  ^^  j~  >  j"  >  j"  •   ^^^  ^  ^^^^  equations 

the  method  furnishes  directly  a  solution  expressed  by  sextuple 
integrals,  which  are  reducible  to  double  integrals  if  H  is 
homogeneous  and  of  the  second  degree.  In  the  above  example 
the  double  integration  proves  to  be,  in  effect,  an  integration 
extended  over  the  surface  of  a  sphere  whose  radius  increases 
uniformly  with  the  time.  Integrals  of  this  class  are  pecu- 
liarly appropriate  for  the  expression  of  those  physical  effects 
which  are  propagated  through  an  elastic  medium,  and  leave  no 
trace  behind. 


MISCELLANEOUS   EXERCISES. 
1.     The  complete  integral  of  the  equation 


da? 


{j^.^nin 


a?      T' 


is  expressible  in  the  form  u  =  Ae^  +  5e'**,  A  and  B  being 
series  which  are  finite  when  n  is  an  integer.  (Tortolini, 
Vol.  V.  p.  161.) 

2.    The  definite  integral  I  cos{w(5  — ajsin  ^)}<?^,  can  be 

evaluated  when  n  =  ±  f  i  +  -J,  where  i  is  a  positive  integer  or  0. 
(Liouville,  Journal,  Tom.  vi.  p.  36.) 

Representing  the  definite  integral  by  u,  it  will  be  found  that  u  satisfies 
an  equation  of  the  form  ^-^  :=  f  ^  +  -,  j «. 

The  snbjeet  of  the  eyalnation  of  definite  integrals  by  the  solution  of  dif- 
ferential  equations  has  been  treated  with  great  generality  by  Mr  Bussell 
(PhilMiyphical  Transctctiont  for  1855). 

8,     If  v  =  a  be  the  equation  of  a  system  of  curves,  v  being 

d\     d*v 
a  function  of  x  and  y  which  satisfies  the  equation  -1-5  +  -r-^  =  0, 

and  if  w  =  /8  be  the  equation  of  the  orthogonal  trajectories  of 
the  system,  then  u  may  be  found  by  the  integration  of  au 

B.D.E.  31 
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exact  diflFerential  equation  of  the  first  order,  and  when  found 

will  satisfy  the  equation  -j-^  +  -y-^  *  0. 

The  above  theorem  is  applied  by  Profeeaor  ThomsiMi  to  the  problem  of 
determining  the  iormt  of  the  rings  and  brushes  in  the  speetra  prodneed  hj 
biazal  crystals.    (Cambridge  Jcumalt  -Qad  Series,  Vol.  i.  p.  124.) 

4.  The  normal  at  a  point  P  of  a  plane  curve  meets  the 
axis  in  G,  and  the  locus  of  the  middle  point  of  PO  is  the 
parabola  y*  =  Ix.  Find  the  equation  to  the  curve,  supposing 
it  to  pass  through  the  origin.     {Cambridge  Problems,) 

5.  The  normal  at  any  point  of  a  surface  passes  through 

OS       u       z 

the  Une  represented  by  ^  =  ^  =  -  .    Fincl  the   differential 
^  '^    I     m     n 

equation  to  the  surface,  and  obtain  the  general  integral.  (lb.) 

6.  Prove  that  the  differential  equation  of  the  surfaces 
generated  by  a  straight  line  which  passes  through  the  axis 
of  z,  and  through  a  given  curve,  and  which  makes  a  constant 
angle  with  the  axis  of  z,  is 

iiz         dz  L^ 

«^^  +  y5y=^V(^'  +  r)cotflL  (76.) 

7.  Integrate  the  above  equation. 

8.  Express  by  a  definite  integral  the  series, 

Form  the  differential  equation  by  Chap.  xnt.  Art.  11,  and  th4n  Apply 

Laplaoe's  method,  Chap,  zviii.  The  result  is  u  =  -  /  *c08(«oos9)(29.  (Stokes, 
Cambridge  Transactiontf  Vol.  iz.  p.  182.) 

9.  Hence  express  the  series  in  a  form  suitable  (wr  calcu- 
lation when  X  is  large. 

Proceeding  according  to  the  directions  Of  dhap.  TrttL  tlie  eomplete  inte- 
gral of  the  differential  equation  expressed  by  descending  series  wiU  be 
U=aj~*{(Jcosaj-t-5  sina;)i2  +  (^  sinx-B  coax)S], 

where  B  =  l.  ^-.^^^^ ,-__—,  ^, 

1*  1V3«.5«    ,, 

^~1.8»"l.2.3(8a:)«^*°- 
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The  yalaes  of  A  and  B  for  thd  particular  integral  in  question  yrill  be 

A  =ijS=r~^.    These  are  deduced  from  the  consideration  that,  when  x  tends 
to  infinity,  we  have,  in  the  limit, 

2    r— 

-  /  *  cos  [x  cos  d)  d$ = {»»)"*  (cos  aj + sin  as) .    {Ibid. ) 

tJq 

The  above  series  occurs  in  several  physical  problems. 

10.  The  complete  integral  of  the  equation, 

maj  be  expressed  by  a  finite  formula  iavolving  general  differ- 
entiation.    (Attributed  to  Liouville.) 

Assume  y=ise       '  ;  then,  by  a  proper  determination  of  a  and  /3,  the  equa- 
tion may  be  reduced  to  the  form 

The  symbolical  equation  obtained  by  assuming  x—^  will  be  binomial,  and 
the  integration  in  the  required  form  may  be  effected  by  Prop.  iii.  Chap.  xvii. 

11.  Equations  of  the  form 

may  be  reduced  to  the  form, 
considered  in  Chap.  XVin. 

Assume  x^=t,  y=t^z\  the  determination  of  h  wiU  be  found  to  depend  on 
the  equation  I;  (ife  - 1) wi* + 1c\m («i  - 1)  +  mA^ + ii^ = 0. 

Petzval,  Linearen  Differentialgleichungen,  Ft.  1st,  p.  105.  Biccati's  equa- 
tion is  included  in  the  above. 

12.  Equations  of  the  form 

are  reducible  to  the  form  (m).     (75.  p.  112.) 

31—2 
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13.     The  complete  integral  of  the  eqaation 

g  =  (a  +  ^a:)y. 


IS 


Too         •    fn+1 

Jo 


•* 


where  p  is  a  primitive  root  of  p"**=l,  and  C,  (7^,  (7,..-  C, 
satisfy  the  condition  (7+  (7^  +  (7, ...  +  C^  =  0,  but  are  other- 
wise arbitrary.     (Jacobi,  Crelle'a  Journal^  VoL  X.  p.  279.) 

14.  The  determination  of  the  orthogonal  trajectory  of  any 
system  of  straight  lines  on  a  plane,  involving  in  their  general 
equation  one  variable  parameter,  can  be  effected  by  the 
solution  of  an  exact  differential  equation  between  x  and  y. 

This  interesting  proposition,  together  with  the  following  demonstratioii, 
WAS  oommunicated  to  the  author  by  Professor  Ponkin,  with  whose  permis- 
sion it  is  published. 

The  equation  of  the  given  system  can  always  be  expressed  in  the  foini 
xAn$-y  cos ^  =0(^),  or,  putting  cos  $=Uf  sin ^=v, 

ta-ity-f  («,v)=0 (1), 

u«+t;»-l=0 (2). 

The  equation  of  the  trajectory  will  then  be 

udx+vdy-0 (3), 

u  and  V  being  determined  from  (1)  and  (2)  as  functions  of  x  and  y. 

Now,  if  we  represent  the  first  members  of  (1)  and  (2)  by  P  and  4  respee- 
tively,  then,  in  order  that  (3}  may  be  an  exact  differential  equation,  we  most 
have,  in  virtue  of  (37)  Chap.  XIV. 

dx  du     du  dx      dy  dv      dv  dy"   

and  this  will  be  found  to  be  identically  satisfied.  Hence  (3)  is  an  exact  dif- 
ferential equation,  as  was  to  be  shewn.  The  proposition  applies  generally 
to  the  problem  of  involutes.  Thus,  the  tangents  to  a  circle  being  repre- 
sented by 

vx-uy=ot,      u^+i^=l, 

the  equation  (8)  will  become 

{xy/{si^  +  y*-a^'ay]dx+{yy/{x*+y*-a*)  +  ax}dy_^ 

This  is  exact,  and  determines,  on  integration,  the  tgrstem  of  possible  invo- 
lutes. 
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15.  To  determine  the  connexion  of  the  integrals  of  any 
system  of  simultaneous  differential  equations  expressible  in 
the  form 

dx_dF        ^^^E 
dt      du'       dt"  dv 

du        dF    dv        dF 


(1). 


dt         dx*    dt'^     dy 
where  -Fis  a  given  function  of  a?,  y,  u  and  t;. 

The  complete  solution  will  eTidently  consist  of  four  equations  determining 
«^  y,  u,  V  as  functions  of  t,  and  four  arbitrary  constants. 

Suppose  that  there  exists  an  integral  of  the  form  $=e,  where  $  is  a  func- 
tion of  «,  y,  u,  t;,  not  involving  t.    Then,  differentiating,  we  have 

d$  dot     d^  dy     d^  du     d^  dv    ^ 
€Lc  dt      dy  dt      du  dt      dv  di~  ' 

or  substituting  ^or  ^ ,  ^ ,  <feo.  the  values  given  in  (1), 

d^dP     d^dF_d^dFd^dF_Q 

dx  du     dy  dv      du  dx     dv  dy"   '' 

Now  this  equation  is  identically  satisfied  if  #=i^.  Hence  one  integral 
will  be  F=a,  where  a  is  an  arbitrary  constant. 

Suppose  now  that  another  integral  not  involving  t  can  be  found.  Then 
representing  it  by  $  =  &,  and  observing  that  (2)  is  identical  with  the  equation 
(4)  in  the  last  problem,  it  is  seen  that  if,  from  the  two  equations  F^a^  $=&, 
we  determine  u  and  v  as  functions  of  x,  y,  a,  b,  the  expression  tM{a;+v<2y  will 
be  an  exact  differential.    Hence,  if/  (udx+vdy)  =x>  we  have 

~-dS»  ^-^ <^)- 

Now  differentiating  the  integral  F=a  with  respect  to  a,  and  regarding 
«,  V,  as  functions  of  x^  y,  a,  h,  we  have 

dP  du     dF  dv _^ 
du  da     dv  da"  * 

or,  putting  for  — ,   —  their  values  given  in  (1),  and  for  u,  v  their  values 
given  in  (3), 

dadx  dt     dady  dt       * 
or 


1(1) '^-1©)'^=*. 
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Yhenee»  integrating, 

g— <*)• 

c  being  an  arbitrary  eonstant.    Since  the  form  of  x  is  Imown,  this  eonstitoteB 
a  third  integral 

Lastly,  difforentiating  F^a  with  respect  to  b  and  proceeding  as  above,  we 
find 

g- (»)' 

e  being  an  arbitrary  constant.    And  this  is  the  fourth  integral 

The  above  is  a  simple  illnstration  of  the  methods  of  Theoretical  Dyna- 
mics referred  to  in  Chap.  XIV.  Thus  the  equations  for  the  motion  of  a 
body  attracted  towards  fixed  centres  (aU  in  one  plane)  are 

^__dR     ^_    dR 

R  being  a  function  of  x,  y,  and  the  co-ordinates  of  the  fixed  centres.    These 
equations  may  be  expressed  in  the  form 

dx         di/ 

du_    dR     dv__    dR 
A        dx'   di~'  dy' 

Now,  if  we  represent  the  function  i(tt'+v*)+i2  by  ^,  the  above  equations 
assume  the  general  form  (1). 

It  was  intimated  in  Chap.  XIV.  that  the  solution  of  the  equationa  of 
Dynamics  is  finally  dependent  on  the  obtaining  of  the  complete  primitive  of 
a  non-linear  partial  differential  equation  of  the  first  order ;  and  this  was 
previously  shewn  to  depend  on  the  integration  of  an  etract  differential  equa- 
tion the  coef&cients  of  which  were  determined  by  the  solution  of  a  Unear 
X>artial  differential  equation  of  the  first  order.  Now  all  this  agrees  with 
what  has  been  exemplified  above.  For  the  last  two  integrals,  (4)  and  (5)  are 
derived,  by  mere  differentiation,  from  %>  while  %  is  found  by  the  integration 
of  an  exact  differential  equation  whose  ooef&cients,  u  and  v,  are  obtained 
from  equations  which  satisfy  the  linear  partial  differential  equation  (2). 

The  student  is  especially  referred  to  the  original  memoirs  by  Sir  W.  B. 
Hamilton  (On  a  General  Method  in  Dynamics,  Philosophical  Transactions, 
1834—5),  to  various  memoirs  by  Jaoobi  contained  in  his  collected  works  or 
scattered  through  Crelle's  Journal,  and  to  the  recent  memoirs  of  Prof. 
Donkin  {On  a  Class  of  Differential  Equations  including  those  of  Dynamics. 
Philosophical  Transactions,  1854—5).  Liouville's  Journal  is  rich  in  valuable 
memoirs  on  the  subject. 
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ANSWERS. 

The  following  table  does  not  contain  answers  to  all  the 
questions  proposed  in  the  Exercises,  but  to  a  selected  number 
of  them,  thought  amply  sufficient  for  ordinary  requirements. 

CHAPTER  I. 

2.  (1)  y^px^■^J{l-\■fi.     (Here,;>  =  g). 

(2)  p-Q,y  =  e".        (3)  {l  +  i;f)p+y  =  taa^x. 

(4)  «p  +  y  =  y*  log  «.         (5)  yp*  +  2xp  =  y. 
(6)  y=iip  +  4>{p). 

3.  (l)and(2)g+mV  =  0.     (3)  a^g  + (y-a^|)  =  0. 
6.     (1)  (a!-a)»  +  (y-6)*  =  l.     (2)  hx-ay  =  al{xy-l). 

8.  x--,=  a,y-j^b,  x--,=f(y-—). 

9.  (y  -  c)*  =  ic'x. 

CHAPTER  II. 

1.  (1)  loga!y  +  a;-y  =  c.        (2)  log^-^^^c. 

(3)  (l+aO(l+y)  =  ca!*. 

(5)  cosy  =  0  008  0;.        (6)  taiiajtany  =  c« 

2.  Yes.       3.     (1)  y  =  ce"^         (2)  y  =;  ce"""^^^  • 


-rin* 


(3)  a;"=c'+2(jy.     (4)  a?=ce     '.     (5)  (y+ir)"(t/+2a?)*=c. 
4.     (1)  iB'-aar+y+OJ-y^c.     (2)  (y^a?+l)«(y+a?-l)«=c. 
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X  1 


6,    y  =  Caj'  + 


1  —  a     a' 


X 

6.     (2)  y=aaj+cxV(l-«*).      (3)  y^"*"'^^'^^  +  ^TTi^IV^ • 

(4)  y=8ina!-l+C€"*".      (5)  ^=tan"*ar-l+C€'*'"'". 
10.     (1)  2  =  {c  V(l  -  a!»)  -  ap.     (2)  «»  =  ce--'^"*'^      ^ 


a        a*' 


(3)  ^  =  {c€^  + 1  (2a;»+ 1)}"*.       (5)  y = (car+log«+ 1)-. 

CHAPTER  III. 

1.    X*  +  Qa?y' +  y*  =  C.    2.    a?-t^  =  ac.    3.    a?-y*=cy\ 

a?*  + 1/*  1/  - 

4.     — jr^  +  tan"*^  =  c.       5.     aj  +  y6*'  =  c. 
2  a?  ^ 

6.     6*  (a:^  +  ^)  =  (?•       7.    sin  (na?  +  my)  +  cos  (ttmc  4-  ny)  =  c 

9.  V(l  +a^+  y^  +  tan-'-=c,  sin"V(^'+ y*)  +  sin"'-  +  €^  =  c. 

10.  Assuming  ^  =  r,  we  have  I r-«  =  — I-  CL 

°  a;  Jc—  btr     a 

CHAPTER  IV. 

4.     xyfia^^-xy-f). 

Complete  primitive  isaj*+a?y  —  y*=c. 

6.     (1)     Integrating  factor, — ..  ,      «. .  Solution,aj*=c*+2cy. 

x»J\ic-Ty) 

(2)     Integrating  factor.^^^  gly^^,. 

Solution,  (y  +  a;)*  (y  +  2a!)*  =  c. 

6.    y  =  ca?  is  the  complete  primitive. 
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CHAPTER  V, 


1.     (1)   e-.  (2)   i  2.    y-*.         (3)   I  and  i 

4.  (2)  j,V^.        (3)   y-V.        (4)    (l+y-aO". 

(5)    («»  +  yr.       (6)    (ar  +  y  +  aryr.       (7)    (aj  +  j/^)^. 

5.  e*(a!'+y»)-*  =  c. 

7.    If  z-\-P=y  the  e(iuatioii  becomes  -t-+2P«  =  — ^', 
which  is  of  the  general  form  of  6. 

CHAPTER  VL 
Equations  1  to  5  must  be  reduced  to  the  form 

a?  -^  —  ay  +  5y*  =  cof^,  of  which  the  solution  is 

according  as  h  and  c  are  like  or  unlike  in  sign.     In  1  we  find 

i  =  1,  and  the  solution  by  {A)  is  y==a-\ ,  where  y^  is 

given  by  changing,  in  the  first  of  the  above  solutions,  a  into 
—  a,  J  into  1,  c  into  1.   In  2,  i=2;  apply  {A).   In  3  apply  (D). 

7.     V(y9'  —  ^ay)  +  w  (i  +  i)  =  0,  i  being  any  integer,  posi- 
tive, negative,  or  0. 

9.    a?  ^  -  (2 J5  + 1)  y  +  6/  =  ca?"*^,  where  ^  is  a  root  of 
the  equation  6-4'  +  -4  —  A  =  0. 
.  10.    Compare  with  p.  96. 
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CHAPTER  VIL 

1.  (y-2a?-c)(y«3a;-c)=0. 

2 .  (y  -  a  log  oj  -  c)  (y  +  a  log  oj  -  c)  =  0. 

5.  Eliminate  p  by  means  of  a  logp  +  2bp  +  c  =  ar. 

8.     Byy  =  l!+|v(l+/)-Jlog[p  +  V(l+/>')}+c. 

12.  Complete  Primitive  y==iOx  +  c^<?. 
Singular  Solution  y=- — r-^. 

13.  Complete  Primitive,  y  =  ca?  +  V(^' "  ^'O* 
Singular  Solution,  — 5  +  *n  =  1-        l^J.    a?*  +  y*  =  c-c. 

1 6.  Eliminate  p  by  a?  =  -tt^t^ — ^  (c  +  a  sin"*  o). 

17.  By  a?=-T7f^ — or(c+ -  +  atan"'*p). 

19.     (a:-a)*+{y-/(a)}«=l.     21.  aa?-y/(a)«a/(a) (ay- 1). 

CHAPTER  VIIi:. 
4.     Singular  Solution  «  =  a» 

6.  Differential  equation^  p  =7^—7; v  • 

^  "^     2v(a;  — a) 

10.   (i)«,.i.    P)©'±(|)»-i.  (S),.fcff. 

1 1 .     Particular  Integral. 

13.    Singular  solution  y=0;  complete  primitive yesc***^*'. 
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16.  (1)   Envelope  species,  y  =  —r-  . 

(2)  Envelope  species,  y*  =  4aj*. 

(3)  Not  of  envelope  species,  y  =  a;*. 

17.  Singular  solution,  ^Jx-\r  »Jy=^  a, 

18.  Singular  solution,  a?'  +  y'  =  a* 

19.   X = cos"^  y*  +  (y  - y*)*- 


CHAPTER  IX. 

1.  y  =  ce»'  +  c'e*^.  2.      y  =  C6^  +  cV'+^^^^. 

3.  y  =  €*  (c^  +  Cjfl?  +  cjx?  +  CgCc'). 

4.  y  =  (Cj  +  CgO;)  cos  iP  +  (Cg  +  c^x)  sin  a?. 

5.  y  =  ce*^  +  (Cj  +  Cgtc)  €**. 

6.  y  =  c^  cos  a?  +  Cj  sin  a;  +  (Cj  +  c^x)  e^  + 1. 

7.  y=(c,  +  c,a:)e**  +  ^jg^;jp.        8.  y=^c,+  c,»  +  |)€'. 


.9.    y  =  caj'  +  -.       10.    y  =  c{x  +  af-\-G'  {x  +  aY. 

11.  y  =  6  *  {c  cos  (x^b)  +  d  sin  (a?  /v^6)}. 

12.  y  «  cc**^"*'  +  c^e-**^"'*, 

14.     Add  of  to  the  previous  value  of  y. 
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CHAPTER  X. 


^  of      .  /  -V  c^  t       du  , 

6  2JVc  +  V.y) 


4.    y  =  c  log  X'\'c\  5.    y  =  caj*  +  —  • 


ca?* 


7.    «  +  c  =  (3^-a')i.  8.    y  =  ^+/(c)«+c'. 


9.    «  =  -log{cy+/(c)}  +  c'. 


U.    y  =  e~^"'(je^"'Cdx+(A.        19.    y  =  ca!. 
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20.  y  =  -o  + J  (««■*  +  ««  ")•      22.    a5  +  c  +  (Cj*-y')*=0. 

23.  y  =  c  log  {»  +  c  +  VCa;*  +icx)]  +  c'. 

26.  <-=/"■       f      u+^'- 

32.  (y-c)«-|*  =  0.        33.    y  =  ^(^  +  a»«  +  i). 


CHAPTER  XL 
1.     «  =  cy".        2.    05  +  c  i=  -  log  {ny  +  VC^V  —  !)}• 


4.     2ca;  +  c'  =  jf^--^). 

V  J  —  a     o  +  a/ 


6.  Let  y'  =  2ca:  —  a;'  represent  the  circles,  then  the  tra- 
jectory is  a;*  =  2c'y  —  y\ 

7.  y*  +  a:i*  —  c  =  2a'  log  x.        8.     An  equiangular  spiraL 
10.    4ay  +  c  =  2aa?  V{4aV  - 1)  -  log  {2aa?  +  V(4aV  - 1)}. 
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CHAPTER  XII. 

1.  (x-a)(y-J)(^-c)  =  C. 

2.  a?-\-2i^-Qxy-^z  +  ^  =  C.       >  3.    yz  +  zx  +  xy  =  e. 

6.  e'(y  +  2)-c.  6.    -  +  -  +  -  =  C. 

X    y     z 

7.  JLtf  +  il^^c.        8.    €^(a;+y  +  «^  =  a 
9.    a^  +  xy^  —  w  +  a^z^^c.  10.     No. 


CHAPTER  XIIL 


7»         -«  » 


%    y  =  e"*(c  cos  <  +  c'  sin  <), 


€ 


a?  =  -^  {(<5  +  0  sin  ^  +  (c  —  c')  cos  e}. 
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CHAPTER  XIV. 

2.     «  =  y  sin-' ^  +  ^(y).      .  3.    «"»(x  +  y +  *)  =  ^(5r). 

it 

X  ^ 

5.     z^--\-^{ay  —  hx),         6.    «  =  €"^(^  — y). 

I 

7.    »=(.+!,)*(«'-jfl.       8.    ,./+^(»j,). 

11.    a;'  +  2/'  +  /  =  2;<^(|V 

13.    «  +  V(^'+3^*+«')  =  aj*"''^(|).      15.    «  =  cV(a;'  +  y*). 

16.     (a-l)i5  +  ^«aj-<f>f^,-V 

18.     Complete  Primitive  «  =  oa?  +  6y  +  a6.     19.    z=^—xy. 

20.     5f  =  aa?  +  ^  +  J.       21.    z^ax^  '\-%e^+h. 

a  2 

23.    z  =xy-\-y  JCa?  -  a*)  +  6  and  0  «  ^-^  +  -^^  +  6. 
•^     ^  ^  -^  a        ic  —  y 


CHAPTER  XV. 

2.     ^  =  ^<^(|)+t(|).        3.    y=a:^(.)+^«. 

8.    «  =  ^(a?+ay) +yV(-l-a"). 
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CHAPTER  XVI. 


HUB 

2.       .     \     ^„  +  c^ +  €'€".         3.     » =  ce"  +  c'e"  -  a;e^ 
m  —  om  +  6 

_        _  3m  sin  mx  —  (to*  —  2)  cos  mx        ^        _^ 

10.  w  =  cos  (nlogx)  ^  ^1 ,  y  +  sin  (n  logo?)  f  (^,  ^  . 

11.  Assume -r- +  X  =  TT. 


CHAPTER  XVII. 
1,     tt=C6«(a!-l)-c'e''(ar+l). 


cfcc"        dxj      1  —X 


2.    tt  =  r 


6+1 


9.     z^(x^-l)[4>(t,  +  x)+i.{!,-x)}. 


'-  i4?- 
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Note  on  Art.  4  of  Chap  XIV,  page  327. 

[The  language  here  ased  is  not  quite  satisfactory.  It  is  asserted  that 
from  equation  (7)  we  must  haye  the  two  equations  (8)  since  4>'{v)  is  arbitrary. 
But  by  the  same  argument  it  would  follow  on  page  326  that  we  miut  haT« 

du     du       ^  .  dv     dv       ^ 

,  du     du       ^  -  dv     dv       ^ 

also  3-  +  3-?=0»    and  — +  j^g=0. 

dy      dz^  dy     da^ 

In  fact,  instead  of  saying  that  the  two  equations  (8)  must  hold,  we  ought 
to  say  that  we  may  consistently  with  (7)  cLssume  them  both  to  hold.  Then 
it  will  follow  that  the  relations  (9)  must  be  consistent  with  the  relation 
T^dx-^-qdy^dz.    This  is  sufficient  to  enable  us  to  deduce  the  equation  (10), 

Traces  of  the  same  inaccuracy  of  language  will  be  found  in  other  parts  of 
the  Treatise,  though  not  so  decided  as  in  the  present  passage :  see  pages  333 
and  863. 

This  correction  is  due  to  the  Bev.  H.  W.  Watson,  formerly  Felloir  of 
Trinity  College.] 
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MACMILLAN'S  CLASSICAL  SERIES,  for  COLLEGES 
and  SCHOOLS,  being  select  portions  of  Greek  and  Latin 
authors,  edited,  with  Introductions  and  Notes  at  the  end,  by- 
eminent  scholars.  The  series  is  designed  to  supply  first  rate 
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passing  over  no  difficulties  in  the  text,  whether  of  construction 
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throwing  light  upon  ancient  history,  with  the  view  of  en- 
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bound  in  neat  red  cloth. 
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CICEttO— THB  SfiCOND  PHILIPPIC  ORATION.  From 
the  German  of  Karl  Halm.  Edited,  with  Corrections  and 
Additions,  by  John  E.  B.  Mayor,  Professor  of  Latin  in  the 
Uniyersity  of  Cambridge,  and  Fellow  and  Classical  Lecturer  at 
St.  John's  College.     New  edition,  revised,     ^s, 

10,000.1.79. 
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THE  CATILINB  OKATIONS.  From  the  German  of  Karl 
Halm.  Edited,  with  Additions,  by  A.  S.  WiLKiNS,  M.A., 
Professor  of  Latin  at  the  Owens  College,  Manchester.  New 
edition,    3J.  6d, 

THE  ACADEMICA.  Edited  by  jAxMES  Reid,  M.A., 
Fellow  of  Cains  College,  Cambridge.     4J-.  6d, 

DSTHSll^ZVS~^THS    ORATION^  ON    THE    CROWN, 

to    which    is    prefixed   >ESCHINES    AGAINST    CTESI- 

PHON.  Edited,  by  B.  Drake,  M.A.,  late  Fellow  of  King's 
College,  Cambridge.    New  edition.     5^. 

HOMER'S  ODYSSEY— THE  NARRATIVE  OF  ODYS- 
SEUS^ Books  IK.— XII.  Edited  by  John  E.  K  Mayor, 
M.  A,     Part  I.     3^.  [  To  bt  completed  shortly. 

JWENAIi— SfiUBCT  SATIRES.  Edited  by  JoUN  £.  B. 
Mayor,  Fellow  of  St.  John's  College,  Cambridge,  and 
Professor  of  Latin,     Satires  XII. — XVI.     3^.  6</. 

\Satires  X»  and  XT,  ^  in  preparation, 

X.IVY—HANNIB All's  FIRST  CAMPAIGN  IN  ITAIiY| 
Rooks  XXI.  and  XXII.  Edited  by  the  Rev.  W.  W. 
Capes,  Reader  in  Ancient  history  at  Oxford.  With  3 
Maps.    5^. 

SAIrLUST— CATII.INE  and  JUGURTHA.  Edited  by  C. 
Merivale,  B.D.  New  edition,  carefully  revised  and  en- 
larged. .  4r.  6^.     Or  separately  zs,  6d,  each. 

TACITUS— AGRICOLA  and  GERMANIA.  Edited  by  A.  J. 
Church,  M.A.  and  W.  J.  Brodribb,  M.A.  Translators  of 
Tacitus:    Kewieditioa.    y^6d.    Or  separately  2f«  each. 

TH£  ANNAIaS^  Book  VI.     By  the  same  Editors.    2s.  6d, 

T£RENC£— HAX7T0N  TIMORUMBNOS.  Edited  by  £.  S. 
Shuckbu'rGh,  M.A.,  Assistant -Master  at  Eton  College.  35. 
With  Translation,  4^.  6fl'. 
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YHUCYDXBBB->%aB  SXOIUAN  EXFBDITI(»9,  BM>kJi 
VI.  and  VIZ.  Edited  by  the  Rev*  PerCivai  FROSTi  M.  A., 
Late  Fellow  of  St.  John'sl  College,  Cambridge.  New  edition, 
revised  and  enlarged^  with  Map.     5^. 

XENOPHON— HELIiENICA,  Books  I.  «im1  II.  Edited  by 
H.  Hailstone,  B.A.,  late  Scholar  of  Peterhouse,  Cambridge. 
With  Map.     4^.  6d. 

The  following  are  in  preparation : — 

JESCHYI.US— SEIiECT  PLAvis.  Edited  by  A.  O.  Prickard, 
M.  A.,  Fellow  and  Tutor  of  New  College,  Oxford. 

I.  PBRSAE. 

CATULLUS— SEIiECT  POEMS.  Edited  by  F.  P.  SiMPSON, 
B.A.,  late   Scholar  of  Balliol   Collie,  Oxford. 

CICERO-PRO  ROSCIO  AMEBINof  From  the  German  of 
Karl  Halm.  Edited  by  E.  H.  Donkin,  M.A.,  late  Scholar 
of  Lincoln  College,  Oxford,  Assistant  Master  at  Uppingham. 

DEMOSTHENES— FIRST  PHILIPPIC.  Edited  by  Rev. 
T.  GwATKiN,  M.A.,  late  Fellow  of  St.  John's  College, 
Cambridge. 

EURIPIDES— SELECT  PLAYS,  by  various  Editors. 

ALCESTIS.   .Edited  by  J.  E.  C.  Welldon,  B.A.,  FelloMr 
and  Lecturer  of  King's  College,  Cambridge. 

BACCHAE.   Edited  by  E.  S.  Shuckburgh,  M.A.,  Assistant - 
Master  at  Eton  College. 

IPHIGENEIA'  AT    AULIS.       Edited    by    Rev.    J.    P. 
Mahaffy,  M.A.,  Fellow  and  Tutor  of  Trinity  College,  Dublin. 

MEDEA.     Edited  by  A.  W.  Verrall,  M.A.,  Fellow  and 
Lecturer  of  Trinity  College,  Cambridge. 

HERODOTUS-THE  IITVASION  OF  GREECE  BYXE^KBS. 

ookB  VII.  an4  VIII.    Edited  by  Thomas.  Case,   M.A., 
formerly  Fellow  of  Brasenose  College,  Oxford. 
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by  the  late  J.  H.  Pratt,  M.A.,  and  Walter  Leaf,  M.A., 
Fellows  of  Txinity  Collie,  Cambridge. 

I.YSZA8— 8ELBCT  ORATIONS.  Edited  by  E.  S.  Shuck- 
BURGU,  M.A.,  Assistant-Master  at  Eton  CoU^e. 

BSARTIAIi— SELSCT  EPIGRAMS.  Edited  b^  Rev.  H.  M. 
Stephenson,  M.A.,  Head- Master  of  St.  Peter's  School, 
York. 

OVID— SBIaSOT  EPI8TUBS.  Edited  by  E.  S.  Shuckburgk,' 
M.A. 

OVID-FASTI.     Edited  by  G.  H.  Hallam,  M.A.,  Fellow  of 
St.   John's    College,   Cambridge,   and    Assistant    Master    at 
.     Harrow. 

FI.ATO— FOUR  DIAI-OQUSS  ON  THE  TRIAIi  AND 
DEATH  of  SOCRATES,  viz.^  EUTHYPHRO,  APO- 
I.OOY,  CRITO,  AND  PHJEDO.  Edited  by  C.  W.  MOULE, 
M. A.,  Fellow  and  Tutor  of  Corpus  Christi  College,  Cambridge. 

PROPERTIUS— SEIiECT  POEMS.  Edited  by  J.  P.  POST- 
DATE, B.A.,  Fellow  of  Trinity  College,  Cambridge. 

THUOYDIDES— Books  I.  and  II.  Edited  by  H.  Broadbent, 
M.A.,  Fellow  of  Exeter  College,  Oxford,  and  Assistant- 
Master  at  Eton  College, 

THUCYDIDES— Books  IV.  and  V.  Edited  by  Rev.  C. 
E.  Graves,  M.A.,  Classical  l^ecturer,  and  late  Fellow  of 
St.  John's  College,  Cambridge. 

Other  volumes  will  follow. 
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mSOUH-UVB—THE  EUMENIDES.  The  Greek  Text,  with 
Introdu^on,  English  Notes,  and  Verse  Translation.  By 
Bernard  Drake,  M!a.,  late  Fellow  of  King's  College, 
Cambridge.    8vo.    3^.  6^. 
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ARZSTOTLE—^A^  INTRODUCTION    TO  ARISTOTLKS 

RHETORIC,  With  Analysis,  Notes  and  Appendices.  By 
E.  M.  Cope,  Fellow  and  Tutor  of  Trinity  College,  Cambridge, 
8vo.     14J. 

ARISTOTLE  ON  FALLACIES  \  OR,  THE  SOPNISTICI 
ELENCHL  With  Translation  and  Notes  by  E.  PosTE,  M.  A. 
Fellow  of  Oriel  College^  Oxford.    8vo.    8^.  6^. 

ARI8TOPBANE8— T:^^  BIRDS.  Translated  into  English 
Verse,  with  Introduction,  Notes,  and  Appendices,  by  B.  H. 
Kennedy,  D.D.,  Regius  Professor  of  Greek  in  the  University 
of  Cambridge.  Crown  Svo.  dr.  Help-Notes  to  the  same, 
for  the  use  of  Students,     is,  6d, 


VBIs/CBMBr-SHORT  EXERCISES  IN  LATIN  PROSE 
COMPOSITION  AND  EXAMINATION  PAPERS  IN 
LATIN  GRAMMAR,  to  which  is  prefixed  a  Chapter  on 
Analysis  of  Sentences.  By  the  Rev.  H.  Belcher,  M.A.> 
Assistant  Master  in  King's  College  School,  London.  New 
Edition.    i8mo.     u.  6d,    Key,  is,  6d, 

SEQUEL  TO  THE  ABOVE,    EXERCISES  IN  LA  TIN 
IDIOMS,  ^c.     By  the  same  author.  [In  pr^aratitm, 

BJmACKIH—GREEX  and  ENGLISH  DIALOGUES  FOR 
USE  IN  SCHOOLS  AND  COLLEGES,  By  John 
Stuart  Blackie,  Professor  of  Greek  in  the  University  of 
Edinburgh.    New  Edition.    Fcap.  8vo.    2s,  td^ 


OZOBttO—  THE  A  CADEMICA,  The  Text  revised  and  explained 
by  James  Reid,  M.A.,  Fellow  of  Caius  College,  Cambridge. 
New  Edition.    With  Translation.    8vo.  [In  priparation, 

SELECT  LETTERS,— Mict  the  Edition  of  Albert 
Watson,  M.A.  Translated  by  G.  E.  Jeans,  M.A.,  Fellow 
of  Hertford  College,  Oxford,  and  Assistant-Master  &t  Hailey- 
bjwy.  [Shortly, 
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CXaA88XCA.L  WBZTSRS.  Edited  by  J.  R.  Green,  M.A. 
Fcap.  8vo.'    Is.  6d, 
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CICERO.  By  Professor  A.  S.  WiLKiNS.  [In preparation. 
DEMOSTHENES.  By  S.  H.  Butcher,  M.A.  {In  preparation. 
EURIPIDES.  By  Professor  J.  P.  Mahaffy.  [In  the  Press. 
HORACE.     By  T.  H.  WaRD^  M.A.  [In preparation. 

LIVY.     By  Rev.  W.  W.  Capes,  M.A.  [In  preparation. 

VERGIL,     By  Professor  H.  Nettleship.      [In  preparation. 
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BImImIB— PRACTICAL  HINTS  ON  THE  QUANTITATIVE 
PRONUNCIATION  OF  LATIN,  for  the  use  of  Classical 
Teachers  and  Linguists.  By  A.  J.  ElltSj  RA.,  F.R.S. 
Extra- fcap.  8vo.     \s.t>d, 
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Aberdeen.     8vo.     14$'.  * 
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Age^    Second  Edition.     Crown  8vo.     lOf.  6^. 
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'«OOfD^BI^H--Works  by  W.  W.  GoODWtN,  Professor  of  Gredt  is 
Harvard  University,  U.S.A. 

SYNTAX  OF  THE  MOODS  AND  TENSES  OF  THE 
GREEK  VERB.  New  Edition,  revised.  Crown  8vo. 
6s.  6^. 

AN  ELEMENTARY  GREEK  GRAMMAR.  New  Edition, 
revised.     Crown  8va.  [In  preparation. 
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GBESNWOOD— TiT:^  ELEMENTS  OF  GREEK  GRAM- 
MAR^ including  Accidence,  Irregular  Verbs,  and  Principles  of 
Derivation  and  Composition ;  adapted  to  the  System  of  Crude 
Forms.  By  J.  G.  Greenwood,  Principal  of  Owens  College, 
Manchester.    New  Edition.    Crown  8vo.     5j.  6^. 

HERODOTUS,  Books  1,—Xll.--THE  EMPIRES  OF  THE 
EAST.  Edited,  with  Notes  and  Introductions,  by  A.  H. 
Sayce,  M.A.,  Fellow  and  Tutor  of  Queen's  College,  Oxford, 
and  Deputy-Professor  of  Compfirative  Philology.     8vo. 

[In  preparation, 

HonaBon^MVT/roLOGy  for  lattat  versifica- 
tion', A  brief  Sketch  <^  the  Fables  K)f  the  Ancients, 
prepared  to  be  rendered  into  LAtin  Verse  for  Schools.  By 
F.  Hodgson,  B.D.,  late  Provost  of  Eton.  New  Edition, 
revised  by  F.  C.  Hodgson,  M.A.     i8mo.    3^, 

ItOmism--^TI/E  OI>ySS£V,  Done  into  English  by  S.  H. 
BuTCjiER,  M*A.,  Fellow  of  University  College,  Oxford,  and 
Andrew  Lang,  M.A.,  late  Fellow  of  Merton  College,  Oxford, 
Crown  8vo.     ioj*.  6^. 

BOMSKIC  ©ICTIOWABT'.    For  Use  in  Schools  atid  Colleges. 
Translated  from   the  German  of   Dt.  G.    Autenreith/'  with 
Additions   and    Corrections   by  R.   P.   KeeJi*,    Ph.D.  '  With 
*  ntimerous  Illustrations.     Crown  Svo.    6s. 

,HQnACV—TIfE  WORKS  OF  HORACE^  y^den^  ^into 
English,  Prose,  with  ■  Introductions^ ,  Running  Analysis,  and 
Notes,  by  J.  Lonsdale,  M.A.,  and  S.  Lee,  M.A.  Globe 
8vo.     3  J.  did. 

THE  ObES  OF  HORACE  IM  A^MRTRICAZ  TARA- 
PHRASk.   By  R.  M.  Hovend-en.    Exira  fcap.  8v4j.   4^. 

HORACE'S  LIFE  AND  CHARACTER.  An  Epitome  of 
his  Satires  and  Epistles.  By  R.  M.  Hove^nden.  .  Extra  fcap. 
3vo.     ^»  6d, 

WORD  FOR  WORD  FROM  HORACE.  The  Odes  lite- 
rally Versified.      By  W.  T.  Thornton,  C.B.      Crowp  8vo. 

7^".  6^.  ■    .        . 
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JACKSON— /X^^r  STEPS  TO  GREEK  PROSE  COM-- 
POSITION,  By  Blomfielb  Jackson,  M.A.  Assistant- 
Master  in  King's  College  School,  London.  New  Edition 
revised  and  enlaiged.     i8mo.     ix.  6</. 

JACKSON—^  MANUAL  OF  GREEK  PHILOSOPHY,  By 
Henry  Jackson,  M.A.,  Fellow  and  Praelector  in  Ancient 
Philosophy,  Trinity  College,  Cambridge.  \In  preparatum, 

JEBB— Works  by  R.  C.  JEBB,  M.  A.,  Professor  of  Greek  in  the 
University  of  Glasgow. 

THE  ATTIC  ORATORS  FROM  ANTIPHON  \T0 
ISAEOS.    2  vols.  8va    ay. 

THE  CHARACTERS  OF  THEOPHRASTUS.  Translated 
from  a  revised  Text,  with  Introdnction  and  Notes.  Extra  fcap. 
8vo.    6r.  6d. 

A  PRIMER  OF  GREEK  LITERA  TURE.    iSmo,     i j; 

A  HISTOR  Y  OF  GREEK  LITERA  TURE,    Crown  8vo. 

[In  preparalion^ 

9TrrBHAJM--THIRTEEN  SATIRES  OF  JUVENAL.  With 
a  Commentary.  By  John  E.  B.  Mayor,  M.A.,  Kennedy 
Professor  of  Latin  at  Cambridge.  Vol.  I.  Second  Edition, 
enlarged.    Crown  8vo.    7^.  &/.   Vol.  II.   Crown  8vo.  lor.  ^ 

KntASVOV— GREEK  IAMBICS  FOR  SCHOOLS,  By  Rev. 
H.  Kynaston,  M.A.,  Principal  of  Cheltenham  College. 

[In  freparatum. 


ImIVY,  Books  XXI.— ZXV.  Translated  by  A.  J.  CHURCH, 
M.A.,  and  W.  J.  Brodribb,  M.A.  [In/r^fanOum. 

IMyro—THE  AGE  OF  PERICLES.  A  History  of  the 
Politics  and  Arts  of  Greece  from  the  Persian  to  the  Pelopon- 
nesian  War.  By  William  Watkiss  Lloyd.  2  vols.  8vd.  2I/. 

VLACmilMlMAM—FJRST  LATIN  GRAMMAR.  By  M.  C. 
Macmillan,  M.A.,  late  Scholar  of  Christ's  College^  Cambridge, 
Assistant  Master  in  St.  Paul's  School.     i8mo.  [In  prepmraMm. 
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r— Works  by  J.  P.  Mahaffy,  M.A.,  Professor  of 
Ancient  History  in  Trinity  Collie,  Dublin. 

SOCIAL  LIFE  IN  GREECE;  from  Homer  to  Menander. 
Third  Edition,  revised  and  enlarged.    Crown  8vo.    9J 

RAMBLES  AND  STUDIES  IN  GREECE.  With 
Illustrations.  Second  Edition.  With  Map.  Crown  8vo. 
lar.  6d, 

A  PRIMER  OF  GREEK  ANTIQUITIES.  With  Illus- 
trations.   i8mo.     x/. 

MARBHAI.!.  —  ^  TABLE  OF  IRREGULAR  GREEK 
VERBSf  classified  according  to  the  arrangement  of  Curtius* 
Greek  Grammar.  By  J.  M.  Marshall,  M.A.,  one  of  the 
Masters  in  Clifton  College.    8vo.  doth.    New  Edition,     is, 

MAYOR  (JOHN  B.  B.)— FIRST  GREEK  READER.  Edited 
after  Karl  Halm,  with  Corrections  and  large  Additions  by 
Professor  John  £.  B.  Mayor,  M.A.,  Fellow  and  Classical 
Lecturer  of  St  John's  Collie,  Cambridge.  New  Edition, 
revised.    Fcap.  8vo.    4s.  6d. 

< 

BIBLIOGRAPHICAL  CLUE  TO  LATIN  LITERA- 
TURE. Edited  after  HUbnkb,  with  laige  Additions  by 
Professor  John  K  B.  Mayor.    Crown  8vo.    6s,  td, 

MAYOR  (J08BPH  B.y-GREEK  FOR  BEGINNERS.  By 
the  Rev.  J.  B.  Mayor,  M.  A.,  Professor  of  Classical  Literature 
in  King's  Coll^[e,  London.  Part  I.,  with  Vocabulary,  is.  6d. 
Parts  II.  and  III.,  with  Vocabulary  and  Index,  3J.  6d.  com- 
plete in  one  VoL    New  Edition.    Fcap.  Svo.  doth.    4J.  6d. 

VtKOV— PARALLEL  EXTRACTS  arranged  for  translation 
into  Englbh  and  Latin,  with  Notes  on  Idioms.  By  J.  E. 
Nixon,  M.A.,  Classical  Lecturer,  King's  College,  London. 
Part  I.— -Historical  and  Epistolary.  New  Edition,  revised 
and  enlarged.    Crown  8vo.    p.  td. 
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NIXON  Continued^ 

A  FEW  NOTES  ON  LATIN  RHETORIC.  With 
Tables  and  Illustrations.  By  J,  E.  Nixon,  M.A.  Ctot^ti 
8vo.     2s, 

P£II.B  (JOHN,  M.A.)— ^iV  INTRODUCTION  TO  GREEK 
AND  LATIN  ETYMOLOGY,  By  John  Peile,  M.A., 
Fellow  and  Tutor  of  Christ's  College,  Cambridge,  formerly 
Teacher  of  Sanskrit  in  the  University  of  Cambridge^  Third 
and  Revised  Edition.     Crown  8vo.     los,  6d, 

A  PRIMER  OF  PHILOLOGY,    .i«ino.     vs.     By  the  same 
Author. 

PIN  PAR—  THE  EXTANT  ODES  OF  PINDAR.    Translated 
into  English,  with  an  Introduction  and  short  Notes:^  by  Ernest 
.Myers,  M.A.,  Fellow  of  Wadham  College,  Oxflord.     Crown 
8vo.     5^. 

VhATO— THE  REPUBLIC  OF  PLATO.  Translated  into 
English,  with  an  Analysis  an4  Notes,  by  J.  Ll.  Davies, 
M.A.,  and  D.  J.  Vaughan,  M.A.  New  Edition,  with 
Vignette  Portraits  of  Plato  and  Socraties,  engraved  by  Jeens 
from  an  Antique  Gem.     i8mo.     i^s.dd. 

PHtLEBUS.     Edited,   With    Introduction    and    Notes,    by 

•  •    •  Henry  jAGKSoi^,  M.  A.,  Fellow  of  Trinity  College, Cambridge. 

8vo.  '  \^In  preparation. 

TlsAVrVfi-'THE.  MOSTELLARIA  OF  PLAUTUS.     With 

Notes,  Prolegomena^  and  EJtciirsus;     By  William  Ramsay, 

.  M.A.,  fisrmerly  Profesdor  of  iiumanSty  in  the  University  of 

Glasgow.     Edited  by  Professor  Gvorgcb  G.  R^2iSAYy  M.A., 

'  of-  the  Uriivewity  of  Glasgow.    8v«o.  '  14^. 

POTTS  (A.  W.,  iai.A.)^HINTS  TOWARDS  LA  TIN  PROSE 
COMPOSITION.  By  Alexander  W.  Potts,  M.A., 
LL.D.;  late  Fellow  of  St.  John's  College,  Cambridge; 
Head  Master  of  the  Fettes  Coilege,  Edinburgh.  New  Edition. 
Extra  fcap.     8vo.     p.  .,      , 
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E6BY— ^  GRAMMAR  OF  THE  LATIN  LANGUAGE,  from 
Plautns  to  Suetoniuis.  By  H.  J.  Roby,  M.A.,  kte  Fellow  of 
St*  John's  College,  Cambridge.  In  Two  Paots.  Third  Edition. 
Fart  I.  containing  :~>Book  I.  Sounds.'  Book  II.  Inflexions. 
Book  III.  Word-formation.  Appendices.  Crown  8v6.  &.  (^. 
Part  II. — Syntax,  Prepositions,  &c.    Crown  8vo,    loj.  6</. 

''Marked  by  the  clear  and  practised  insight  of  a  master  in   his  art. 
A  book  that  would  do  honour  to  any  country. "-— AthbnAum. 

SCHOOL  LA  TIN  GRAMMAR,     By  the  same  Author. 

S^Tn  preparation. 

-RV^W.— SYNTHETIC  LATIN  DELECTUS,  A  First  Latin 
Construing  Book  arranged  on  the  Principles  of  Grammatical 
Analysis.  With  Notes  and  Vocabulary.  By  E.  RuSh,'B.A. 
With  PJreface  by.^e  Rev.  W.  F.  MOVLTON)  M.A.j  D.D. 
Extra  fcap.  8vo.  [Immediately. 

RVST-^EI/^STST^fS  TO  LA  TIN  PROSE,  dOMPpSITIOK\ 
By  thje  Rev.  G.  ^ust,  M.A.  of  TPembrote  College,  Oxford, 
Mastei:  of  the  Lower  School,  "King's  College,  London.  New 
Edition.     i8mo.     is,  6d.    ' 

RUTHERFORD—^  E;IRST  GREER'  GRAMMAR,  By  W.  G. 
Rutherford,  M.A.,  Assistant  Master  in  St.  Paul's  School, 
'    Lond6n.     Extra  fcap.  8vo.     is,    '  ' 

SEELEY— 1^  PRIMER  OF  LATIN  LITERATURE.  By 
Prof.  J.  R.  SEEL-rfv»      ,  \iln  preparation . 

T  , 

•        ^  •  I  ■ 

9HUCKByRGH— ^  LATIN  READER,  By  E.  S.  .Shuck- 
BURGH,  M.A. ,  Assistant  Mast^  at*  Eton  'College. 

,^In  preparation, 

TJ^ITJJB— COMPLETE  WORKS  TRANSLATED.  By  A.J. 
Church,  M.A.,  and  W.   J.  Brodribb,  M.A. 

TIIM  HISTORY,    With  Notes  and.  a  Map.     ^Tew  Edition. 
Cro-^i  8vo.     6jf.. 

THE  ANNALS,     With  Notes  and  Maps.-    New  Edition, 
Crown  8vo.     Tj.  6^, 

<  '       •  »  « .  '  ■ 

THE     AGRICOLA    AND    GERMANY,     WITH    THE 
'  DIALOGUE   ON  ORATORY,      With  Maps    and  Notes. 
New  and  Revised  Edition.     Crown  8va    4f.  6i/. 
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tbeophrastub^t:^^    characters    of    THEO- 

PHRASTUS,  An  English  Translation  from  a  Revised  Text 
With  Introduction  and  Notes.  By  R.  C.  Jebb,  M.A.,  Pro- 
fessor of  Greek  in  the  University  of  Glasgow.  Extra  fcap.  8va 
dr.  6^ 

THRING— Works  by  the  Rev.  E.  THRINC,  M.A.,  Head 
Master  of  Uppingham  SchooL 

A  LATIN  GRADUAL,  A  Fixst  Latin  Constnihig  Book 
for  Beginners.  New  Edition,  enlarged,  with  Coloured  Sentence 
Maps.    Fcap.  8vo.    2f.  td. 

A  MANUAL  OF  MOOD  CONSTRUCTIONS.  Fcap. 
8vo.     IS,  6d, 

A  CONSTRUING  BOOK,    FcapSvo.    aj.  &/. 

VIRaili— r-fffi  WORKS  OF  VIRGIL  RENDERED  INTO 
ENGLISH  PROSE,  with  Notes,  Introductions,  Running 
Analysis,  and  an  Index,  by  James  Lonsdale,  M.A.,  and 
Samuel  Lee,  M.A.  .New  Edition.  Globe  8vo.  jx.  6d. ; 
gilt  edges,  4r.  6d, 

WIIiKINS— ^  PRIMER  OF  ROMAN  ANTIQUITIES.  By 
A.  S.  WiLKiNS,  M.A.,  Professor  of  Latin  in  the  Owens 
College,  Manchester.    With  Illustrations.     i8mo.     is. 

WRZOHT— Works  by  J.  WRIGHT,  M.  A.,  late  Head  Master  of 
Sutton  Coldfield  School. 

HELLENIC  A;  OR,  A  HISTORY  OF  GREECE  IN 
GREEK,  as  related  by  Diodorus  and  Thucydides ;  being  a 
First  Greek  Reading  Book,  with  explanatory  Notes,  Critical 
and  Historical.  New  Edition  with  a  Vocabulary.  Fcap.  8vo. 
3J.  td. 

A  HELP  TO  LATIN  GRAMMAR-,  or,  The  Form  and 
Use  of  Words  in  Latin,  with  Progressive  Exercises.  Crown 
8vo.    4;.  t(L 

THE  SEVEN  KINGS  OF  ROME.  An  Easy  Narrative, 
abridged  from  the  First  Book  of  Livy  by  the  omission  of 
Difficult  Passages;  being  a  First  Latin  Reading  Book,  with 
Grammatical  Notes.    New  Edition.    With  Vocabulary,  3^.  td. 
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WKIOBV  Continued^ 

FIRST  LATIN  STEPS;  OR,  AN  INTRODUCTION 
BY  A  SERIES  OF  EXAMPLES  TO  THE  STUDY 
OF  THE  LA  TIN  LANGUA  GE.    Crown  8vo.    Sj. 

ATTIC  PRIMER,    Arranged  for  the  Use  of  B^^inners. 
Extra,  fcap.  8vo.    4J.  6d» 

A  COMPLETE  LATIN  COURSE,  comprising  Rules  with 
Examples,  Exerdses,  both  Latin  and  English^  on  each  Rule^ 
.  and  Vocabularies.    Crown  8vo.    4r.  6d, 
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AIRY— Works   by    Sir   G.    B.    AIRY,    K.C.B.,    Astronomer 
Royal :— • 

ELEMENTARY  TREATISE  ON  PARTIAL  DIF^ 
FERENTIAL  EQUATIONS.  Designed  for  the  Use  of 
Students  in  the  Universities.  With  Diagrams.  Second  Edition. 
Crown  8vo.    $s,  6d^ 

ON  THE  ALGEBRAICAL  AND  NUMERICAL 
THEORY  OF  ERRORS  OF  OBSERVATIONS  AND 
THE  COMBINATION  OF  OBSERVATIONS.  Second 
Edition,  revised.    Crown  8vo.     dr.  6d. 

UNDULATORY  THEORY  OF  OPTICS.  Designed  for 
the  Use  of  Students  in  the  University.  New  Edition.  Crown 
8vo.     6s.  6d. 

ON  SOUND  AND  ATMOSPHERIC  VIBRATIONS. 
With  the  Mathematical  Elements  of  Music.  Designed  for  the 
Use  of  Students  in  the  University.  Second  Edition,  Revised 
and  Enlarged.     Crown  8vo.  ^  9^. 

A  TREATISE  OF  MAGNETISM.  Designed  for  the  Use 
of  Students  in  the  University.    Crown  8vo.    9s.  6d, 

AIBV  (OSMUND)—^  TREATISE  ON  GEOMETRICAL 
OPTICS.  Adapted  for  the  use  of  the  Higher  Classes  in 
Schools.  By  Osmund  Airy,  B.A.,  one  of  the  Mathematical 
Masters  in  Wellington  College.    Extra  fcap.  8vo.    y,  6d. 
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BAVMA^TI/£  ELEMENTS  OF  MOLECULAR  MECHA- 
NICS, By  JosEFH  Bayma,  SJ.,  Professor  of  Philosophy, 
Stonyhurst  College.     Demy  8to.     lor.  6^. 

Ul^A&JXY— AN  ELEMENTARY  TREATISE  ON  PLANE 
TRIGONOMETRY.  With  Examples.  By  R.  D.  Bkasley, 
M.A.,  Head  Master  of  Grantham  Grammar  SdiooL  Fifth 
Edition,  revised  and  enlarged.     Crown  Svo.     5^.  6cL 

BLACKBURN  {JSVOtL) -- ELEMENTS  OF  PLANE 
TRIGONOMETRY,  for  the  use  of  the  Jimior  Class  in 
Mathematics  n  the  University  of  Glasgow.  By  KUGH 
Blackbukn,  M.A.,  Professor  of  Mathematics  in  the  Univer- 
sity of  Glasgow.     Globe  8vo.     u.  6dC 

BOOItE— Works  by  G.  BOOLE,  D.C.L.,  F.R.S.,  late  Professor 
of  Mathematics  in  the  Queen's  University,  Ireland. 

A  TREATISE  ON  DIFFERENTIAL  EQUATIONS. 
Third  and  Revised  Edition.  Edited  by  I.  Todhunter.  Crown 
8vo.     14?. 

A  TREATISE  ON  DIFFERENTIAL  EQUATIONS, 
Supplementary  Volume.  Edited  by  L  Todhunter.  Crown 
8vo.     8j.  6d, 

THE  CALCULUS  OF  FINITE  DIFFERENCES. 
Crown    8vo.      los,    6d.      New    Edition,    revised    by  J.   F. 

MOULTON. 

BUOOK-SMITH  {3.)— ARITHMETIC  IN  THEORY  AND 
PRACTICE.  By  J.  Brook-Smith,  M.A.,  LL.B.,  St, 
John's  College,  Cambridge ;  Barrister-at-Law ;  one  of  the 
Masters  of  Cheltenham  Collie.'  New  Edition,  revised. 
Crown  8vo.     41.  6^.     ^ 

CAMBRIDGB  SENATB-HOUSB  PROBIiEMS  and  RIDBR8 
VriTH  SOLUTIONS:— 

i%TS— PROBLEMS  AND  RIDERS,  By  A.  G.  Greenhill, 
M.A.     Crown  8vo.     8j.  dd. 

iSy^-^SOLUTIONS  OF  SENATE-HOUSE  PROBLEMS. 
By  the  Mathematical  Moderators  and  Examiners.  Edited  by 
J.  W.  L.  GU.ISHER,  M.A.,  Fellow  of  Trinity  Collie, 
^Cambridge,  [In  thepresi. 
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CANDIifiR-^jy^ZP  TO  ARITHMETIC,  Designed  for  the 
use  of  Schools.  By  H.  Candler,  M.A.,  Mathematical 
Master  of  Uppingham  School.     Extra  fcap^  8vo.    2J.  6t/. 

CHBYNB— ^W  ELEMENTARY  TREATISE  ON  THE 
PLANETARY  THEORY,  By  C.  H.  H.  Chryne,  M.A., 
F.R.A.S.  With  a  Collection  of  Problems.  Second  Edition. 
Crown  8vo.    6^.  dd, 

CHRISTIB— ^  COLLECTION  OF  Ef^EMENTARY  TEST- 
QUESTIONS  IN ^ PURE  AND  MIXED  MATHE- 
MATICS; with  Answers  and  Appendices  on  Synthetic 
Division,  and  on  the  Solution  of  Numerical  Equations  by 
Homer's  Method.  By  James  R.  Christie,  F.R.S.,  Royal 
Military  Academy,  W©rfwich.    Crown  &vo.    8j.  bd, 

CilPFORD-r^-fi  ELEMEN7S  OF  DYNAMIC,  An  In- 
troduction  to  the  Study  of  Motion  and  Rest  in  Solid  and  Fluid 
Bodies.  By  A.  K.  Clifford,  F.R.S.,  Professor  of  Applied 
Mathematics  and  Mechanics  at  University  College,  London. 
Part  I.— KINETIC.     Crown  8vo.     ^s,ed, 

CUMMINO— ^A''  INTRODUCTION  TO  THE  THEORY 
OF  ELECTRICITY,  By  Linnaeus  Cumming,  M»A., 
one  of  the  Masters  of  Rugby  School  With  Illustrations. 
Crown  Svo.     %s.  td, 

CvrUBlRKTSOK— EUCLIDIAN  GEOME TR  Y,  By  Francis 
CUTHBERTSON,  M.A.,  LL.D.,  Head  Mathematical  Master  of 
the  City  of  London  School.     Extra  fcap.  8vo.    4?.  6d, 

DALTON— Works  by  the  Rev.  T.  DALTON,  M.A.,  Assistant 
Master  of  Eton  College, 

RULES  AND  EXAMPLES  IN  ARITHMETIC,     New 
Edition.     i8mo.    2j.  6^. 

■ 

'  Answers  to  the  Examples  are  appended. 

RULES  AND   EXAMPLES  7A    ALGEBRA.    Part  I. 
New  Edition.     i8mo.    xs.    Part  II.     l8mo. '  2s,  6d, 
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-0^:^— PROPERTIES  OP  CONIC  SECTIONS  PROVED 
GEOMETRICALLY.  Part  L,  THE  EIXIPSE,  with 
Problems.     By  the  Rer.IL  G.  Day,  M.A.     Crown  Sva 

j^onanov—EcrcLiD  AND  His  modern  rivals.   By 

the  Rev.  C.  L.  Dodgson,    M.A.,    Mathematical    Lecturer, 
Christ  Churchy  Oxford.    Crown  8vo.  [Nearly  ready. 


—GEOMETRICAL  TREATISE  ON  CONIC  SEC- 
TIONS. By  W.  H.  Drsw,  M.A.,  St  John's  College, 
Cambridge.     New  Edition,  enlarged.    Crown  8vo.    5/. 

SOLUTIONS    TO    THE  PROBLEMS   IN    DREWS 
CONIC  SECTIONS.    Crown  8vo.    4/.  6d. 

BDOAA  (J.  H.)  and  PRITOHABD  (O.  B.y^NOTE-BOOK 
ON  PRACTICAL  SOLID  OR  DESCRIPTIVE  GEO- 
METRY, Containing  Problems  with  help  for  Solutions.  By 
J.  H.  Edgar,  M.  A.,  Lecturer  on  Mechanical  Drawing  at  the 
Royal  School  of  Mines,  and  G.  S.  Pritchard.  New  Edition, 
revised  and  enlarged.-    Globe  Syo.    3^. 


-Works  by  the  Rev.  N.  M.  FERRERS,  M.A.,  Fellow 
and  Tutor  of  GonviUe  and  Caius  Collie,  Cambridge. 

AN  ELEMENTARY  TREATISE  ON  TRl LINEAR 
CO-ORDINATES^  the  Method  of  Reciprocal  Polars,  and 
the  Theory  of  Projectors.    New  Edition,  revised.    Crown  8vo. 

AN  ELEMENTARY  TREATISE  ON  SPHERICAL 
HARMONICS,  AND  SUBJECTS  CONNECTED  WITH 
THEM.    Crown  8vo.     Is.  6d. 

PR08T— Works  by  PERCIVAL  FROST,  M.A.,  formerly  Fellow 
of  St.  John's  College,  Cambridge ;  Mathematical  Lecturer  of 
King's  College. 

AN  ELEMENTARY  TREA2ISE  ON  CURVE  TRA- 
CING.   By  Percival  Frost,  M.A.    8vol    121. 

SOLID  GEOMETRY.  A  New  Edition,  revised  and  enlaiged 
of  the  Treatise  by  Frost  and  Wolstenholms.  'ba  2  Vols. 
VoL  I.  8vo.     i6r* 
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OODPRAY— Works  by  HUGH  GODFRAY,  M.  A.,  Mathematical 
Lecturer  at  Pembroke  College,  Cambridge. 

A  TREATISE  ON  ASTRONOMY,  for  the  Use  of  Colleges 
and  Schools.    New  Edition.    8vo.     I2j.  6cL 

AN  ELEMENTARY  TREATISE  ON  THE  LUNAR 
THEORY,  with  a  Brief  Sketch  of  the  Problem  up  to  the  time 
of  Newton.     Second  Edition,  revised.     Crown  8vo.    5^.  6d, 

-R-EXLVmsiQt^AN  ELEMENTARY  TREATISE  ON  THE 
DIFFERENTIAL  AND  INTEGRAL  CALCULUS,  for 
the  Use  of  Colleges  and  Schools.  By  G.  W.  Hsmming,  M.A., 
Fellow  of  St  John's  College,  Cambridge.  Second  Edition, 
witii  Corrections  and  Additions.     8vo.    gx. 

IKOKAOm  —  GEOMETRICAL  CONIC  SECTIONS.  An 
Elementary  Treatise  in  which  the  Conic  Sections  are  defined 
as  tile  Plane  Sections  of  a  Cone,  and  treated  by  the  Method 
of  Projection;  By  J.  Stuart  Jackson,  M.  A.,  late  Fellow  of 
Gonville  and  Caius  Collie,  Cambridge.     Crown  8vo.    4J.  6d, 

JBI.I.ET  (JOHNH.)— ^  TREATISE  ON  THE  THEORY 
OF  FRICTION  By  JoHif  H.  Jellet,  B.  D.,  Senior  Fellow 
of  Trinity  College,  Dublin;  President  of  the  Royal  Irish 
Academy.    8vo.    &r.  6d, 

JONES  and  dBJErrtt-R— ALGEBRAICAL  EXERCISES. 
Progressively  Arranged.  By  the  Rev.  C.  A.  Jones,  M.A.,  and 
C.  H.  CheYNE,  M.A.,  F.R.A.S.,  Mathematical  Masters  of 
Westminster  SchooL    New  Edition.     i8mo.     2s.  6a. 

KELLAMD  and  TAW^INTRODUCTION  TO  QUATER- 
NIONS, with  numerous  examples.  By  P.  Kelland,  M.A., 
F.R.S.  ;  and  P.  G.  Tait,  M.A.,  Professors  in  the  department 
of  Mathematics  in  the  University  of  Edinburgh.  Crown  8vo. 
7j.  6d, 

KITCHENER—^  GEOMETRICAL  NOTE-BOOK,  containing 
Easy  Problems  in  Geometrical  Drawing  preparatory  to  the 
Study  of  Geometry.  For  the  use  of  Schools.  By  F.  E. 
Kitchener,  M.A.,  Mathemathical  Master  at  Rugby.  New 
Edition.    4to.    2s. 

b 
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WUkVVr^NATURAL  GEOMETRY:  an  Introduction  to  the 
Logical  Study  of  Mathematics.  For  Schools  and  Technical 
Classes.  With  Explanatory  Models,  based  upon  the  Tachy- 
metrical  Works  of  £d.  Lagout     By  A.  Mault.     i^mo.     u. 

Models  to  Illustrate  the  above,  in  Box,  \2s,  6d, 

M^nniMAN  ^  ELEAfEATTS     OF    THE    METHOD    OF 
LEAST    SQUARES.    By  Mansfield  Merriman,  Ph.D. 
Professor  of  Civic  and  Mechanical  Engineering,  Lehigh  Uni- 
versity, Bethlehem,  Penn.    Crown  8vo.     7^.  6d, 

MllMlMAR'-ELEMEArTS  OF  DESCRIPTIVE  GEOMETRY. 
By  J.  B.  -Millar,  C.E.,  Assistant  Lecturer  in  Engineering  in 
Owens  College,  Manchester.     Crown  8vo.    .dr. 

MORGAN  —  ^  COLLECTION  OF  PROBLEMS  AND 
EXAMPLES  IN  MATHEMATICS,  With  Answers. 
By  H.  A.  Morgan,  M.A.,  Sadlerian  and  Mathematical 
Lecturer  of  Jesus  College,  Cambridge.     Crown  8vo.    6x.  6^. 

-mviK— DETERMINANTS,     By  Thos.  Muir.     Crown  8vow 

[/«  Pn^aration. 

NBWTON'S  PRINCIPIA.  Edited  by  Prof.  Sir  W.  Thomson 
and  Professor  BLACKBURN.     4to.  cloth.    31J.  6d, 

THE  FIRST  THREE  SECTIONS  OF  NEWTON'S 
PRINCIPIA,  With  Notes  and  Illustrations.  Also  a  col- 
lection of  Problems,  principally  intended  as  Examples  of 
Newton's  Methods.  By  Percival  Frost,  M.A.  Third 
Edition.    8vo.     iZf. 

PARKINSON— Works  by  S.  PARKINSON,  D.D.,  F.R.S., 
Tutor  and  Praelector  of  St.  John's  College,  Cambridge. 

AN  ELEMENTARY  TREATISE  ON  MECHANICS 
For  the  Use  of  the  Junior  Classes  at  the  University  and  the 
Higher  Classes  in  Schools.  With  a  Collection  of  Examples. 
New  Edition,  revised.     Crown  8vo.  cloth.     9J.  6d, 

A  TREA  TISE  ON  OPTICS,  N6w  Edition,  revised  and 
enlarged.     Crown  8vo.  cloth,     lor.  6c/. 

VJ^-O-LRY -EXERCISES  IN  ARITHMETIC.    By  S.  Pedley. 

[In  preparation. 
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.-^ELEMENTARY  HYDROSTATICS.  With  Nu- 
merous Examples.  By  J.  B.  Phear,.  M.A.,  Fellow  and  late 
Assistant  Tutor  of  Clare  Collie,  Cambridge.  New  Edition. 
Crown  8vo.  cloth.     5j.  6d, 

VIUTB^LESSONS  ON  RIGID  DYNAMICS,  By  the  Rev. 
G.  PiRiE,  M.A.,  Fellow  and  Tutor  of  Queen's  College, 
Cambridge*.     Crown  8yo,    6j. 

VJSOWiJ^ -AN  ELEMENTARY  TREATISE  ON  CONIC 
SECTIONS  AND  ALGEBRAIC  GEOMETRY.  With 
Numerous  Examples  and  Hints  for  their  Solution ;  especially 
designed  for  the  Use  of  Beginners.  By  G.  H.  Pucrle,  M.  A.' 
New  Edition,  revised  and  enlarged.     Crdwn  8vo.    7^,  ()d, 

HA-WlMlKSOff— ELEMENTARY  STATICS,  by  the  Rev. 
George  Rawlinson,  M.A.  Edited  by  the  Rev.  Edward 
Sturoes,  M.A.     Crown  8vo.    ^r.  Sd. 


^THE  THEORY  OF  SOUND.  By  Lord 
Rayleigh,  M.A.,  F.R.S.,  formerly  Fellow  of  Trinity  College, 
Cambridge.     8vo.     VoL  I.     I2J.  6</.     Vol.  II.     \2s.  6d. 

[Vol.  Ill,  in  the  Press. 

RWTSOIm-DB— MODERN  METHODS  IN  ELEMENTARY 
GEOMETRY.    By  E.  M.  Reynolds,  M.A.,  Mathematical 
Master  in  Clifton  Collie.     Crown  8vo.    3J.  (id. 
I 

ROUTH— Works  by  EDWARD  JOHN  ROUTH,  M.A.,F.R.S., 
late  Fellow  and  Assistant  Tutor  of  St.  Peter's  College,  Cam- 
bridge ;   Examiner  in  the  University  of  London. 

AN  ELEMENTARY  TRkA  TJSE  ON  THE  D  YNAMICS 
-  OF  THE  SYSTEM  OF  RIGID  BODIES,    With  numerous 
Examples.    Third  and  enlarged  Edition.    8vo.    zis. 

STABILITY  OF  A  GIVEN  STATE  OF  MOTION, 
PARTICULARLY  STEADY  MOTION.  Adams*  Prize 
Essay  for  1877.    8vo.     8j.  6d. 

b  2 
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8MITH— Works  by  the  Rev.  BARNARD  SMITH,  M.A., 
Rector  of  Glastod,  Ratland,  late  Fellow  and  Senior  Bursar 
of  St.  Peter's  Collie,  Cambridge. 

ARITHMETIC  AND  ALGEBRA,  in  their  Principles  and 
Application ;  with  numerous  systematically  arranged  Examples 
taken  from  the  Cambridge  Examination  Papers,  with  especial 
reference  to  the  Ordinary  Examination  for  tl^  B.A.  Degree. 
New  Edition,  carefully  revised.    Crown  8vo.     lOr.  6</. 

ARITHMETIC  FOR  SCHOOLS.  New  Edition.  Crown 
8vo.    4r.  6d. 

A  KEY  TO  THE  ARITHMETIC  FOR  SCHOOLS. 
New  Edition.    Crown  8vo,    &-.  6tL 

EXERCISES  IN  ARITHMETIC.  Crown  8vo.  Ihnp  doth. 
25.     With  Answers.    2s.  6d. 

Or  sold  separately,  Part  I.    u. ;  Part  II.    is. ;  Answers,  6d. 

SCHOOL  CLASS-BOOK  OF  ARITHMETIC.  i8mo. 
cloth.    3J.  • 

Or  sold  separately,  in  Three  Parts,     is.  each. 

KEYS  TO  SCHOOL  CLASS-BOOK  OF  ARITHMETIC. 
Parts  I.,  II.,  and  III.,  zr.  (>d.  each. 

SHILLING  BOOK  OF  ARITHMETIC  FOR  NATIONAL 
AND  ELEMENTARY  SCHOOLS.  l8mo.  doth.  Or 
separately.  Part  I.  2d. ;  Part  II.  3^.  ;  Part  III.  jd.  Answers. 
6d. 

THE  SAMEf  with  Answers  complete.     i8mo,  doth.     is.  6d. 

KEY     TO    SHILLING    BOOK    OF    ARITHMETIC. 

i8mo.    4s.  6d. 

EXAMINA  TION  PAPERS  IN  ARITHMETIC.  i8mo. 
is.  6^.  The  same,  with  Answers,  i8mo.  2s.     Answers,  (id. 

KEY  TO  EXAMINATION  PAPERS  IN  ARITH- 
METIC.   i8mo.    £^.6d. 
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SMITH  Conttnued — 

THE  METRIC  SYSTEM  OF  ARITHMETIC,  ITS 
PRINCIPLES  AND  APPLICATIONS,  with  numerous 
Examples,  written  expressly  for  Standard  V*  in  National 
Schools.    New  Edition.     i8mo.  cloth,  sewed.    3^. 

A  CHART  OF  THE  METRIC  SYi^TEM,  on  a  Sheet, 
size  42  in.  by  34  in.  on  Roller,  mounted  and  varnished  price 
3x.  ^.    New  Edition, 

Also  a  Small  Chart  on  a  Card,  price  \d, 

EASY  LESSONS  IN  ARITHMETIC,  combining  Exercises 
in  Reading,  Writing,  Spelling,  and  Dictation.  Part  I.  for 
Standard  I.  in  National  Schools.     Crown  Svo.  9</. 

EXAMINATION  CARDS  IN  ARITHMETIC.  (Dedi- 
cated to  Lord  Sandon.)    With  Answers  and  Hints. 

Standards  I.  and  II.  in  box,  is.  Standards  III.,  IV.  and  V., 
in  boxes,  is,  each.  Standard  VI.  in  Two  Farts^  in  boxes. 
Is,  each. 

A  and  B  papers,  of  nearly  the  same  difficulty,  are  given  so  as  to 
prevent  copying,  and  the  Colours  of  the  A  and  B  papers  differ  in 
each  Standard,  and  from  those  of  every  other  Standard,  so  that  a 
master  or  mistress  can  see  at  a  glance  whether  the  children  have  the 
proper  papers. 

SKOWBAXJ.  —  THE  ELEMENTS  OF  PLANE  AND 
SPHERICAL  TRIGONOMETRY;  with  the  Construction 
and  Use  of  Tables  of  Logarithms.  By  J.  C.  Snowball,  M.  A. 
New  Edition.    Crown  Svo.    'js.^d, 

SYXaXdkBUB  OF  PIJklVB  GEOMETRY  (corresponding  to 
Euclid,  Books  I. — VI.).  Prepared  by  the  Association  for  the 
Improvement  of  Geometrical  Teadiing.  New  Edition.  Crown 
Svo.     i/« 

TAIT  and  STBEZ.E— i4  TREATISE  ON  DYNAMICS  OF 
A  PARTICLE,  With  numerous  Examples.  By  Professor 
Tait  and  Mr.  Steels.  Fourth  Edition,  revised.  Crown  Svo. 
12/. 
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T-R-BA^  — ELEMENTARY  MENSURATION  FOR 
SCHOOLS.  With  numerous  Examples.  By  Septimus 
Tebay,  B.A*,  Head  Master  of  Queen  Elizabeth's  Grammar 
School,  Rivington.     Extra  fcap.  Svo.     3^.  6d, 

TODBUNTEK— Works  by  I.  ToDHUNTER,  M.A.,  F.R.S.,  of 
St.  John's  College,  Cambridge. 

'  Mr.  Todhunter  is  chiefly  known  to  students  of  Mathetnaties  as  the 
author  of  a  series  of  admirable  mathematical  text-books,  which  possess 
the  rare  qualities  of  being  clear  in  style  and  absolutely  fr^e  from  mistakes, 
tjrpographical  or  other."— Saturday  Review. 

THE  ELEMENTS  OF  EVCLID.    For  the  Use  of  Colleges 
and  Schools.     New  Edition.     l8mo,    3J.  6^. 

MENSURATION   FOR  BEGINNERS.     With  numerous 
Examples*    New  Edition.     iSmo.  .2s,6d. 

ALGEBRA  FOR  BEGINNERS.  With  numei-ous  Examples. 
New  Edition.     iSmo.     2j;  d<^  - 

ICEY  TO  ALGEBRA  FOR  BEGINNERS.      Crown  Svo. 

TRIGONOMETRY  FOR  BEGINNERS.     With  numerous 
Examples.     New  Edition.     i8mo.     2s.  6d. 

KEY,      TO     TRIGONOMETRY    FOR     BEGINNER'S. 
Crown  Svo.     Ss.  6d. 

MECHANICS    FOR    BEGINNERS.       With     numerous 
Examples.     New  Edition.     iSmo.     4s,  6d, 

KEY  TO    MECHANICS\F0R    BEGINNERS.      Crown 
Svo.     6s.  dd. 

ALGEBRA.     For  the  Use  of  Colleges  and  Schools.    New 
Edition.     Crown  8vq.     7/.  6d. 

KEY  TO  ALGEBRA  FOR  THE  USE  OF  COLLEGES 
AND  SCHOOLS.     Crown  Svo.     i<xr.  td. 

AN  ELEMENTARY  TREATISE  ON  THE   THEORY 
.     OF  EQUATIONS.      New  EdiUon,    revised.     Crown  Svo. 

^s.  6d.  '  . 
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TODHUNTER  Continued—  .    . 

PLANE  TRIGONOMETRY,  For  Schools  and  Colleges. 
New  Edition.     Crown  8vo.     5j. 

KEY    TO    PLANE    TRIGONOMETRY,      Crown    8vo. 

•  -  * 

lOi-.  6^. 

A  TREATISE  ON  SPHERICAL  TRIGONOMETRY. 
New  Edition,  enlarged.     Crown  8vo.    4f.  6^/. 

PLANE  CO-ORDINATE  GEOMETRY,  as  appUed  to  the 
Straight  Line  and  the  Conic  Sections.  With  numerous 
Examples.  New  Edition,  revised  and  enlarg^.  Crown  Svo. 
7j.  M, 

A  TREATISE  ON  THE  DIFFERENTIAL  CALCULUS. 
With    numerous    Examples.      New   Edition.       Crown    Svo. 

A  TREA  TISE  ON  THE  INTEGRAL  CALCULUS  AND 
ITS  APPLICATIONS,  With  numerous  Examples.  New 
Edition,  revised  and  enlaiged.     Crown  8vo.     lOf.  6^. 

EXAMPLES  OF  ANALYTICAL  GEOMETRY  OF 
THREE  DIMENSIONS,  New  Edition,  revised.  Crown 
Svo.     4J. 

A  TREAtlSE  ON  ANALYTICAL  STATICS,  With 
numerous  Examples.  New  Edition,  -revised  and  enlarged. 
Crown  Svo.     loj.  6^. 

A  HISTORY  OF  THE  MATHEMATICAL  THEORY 
OF  PROBABILITY,  from  the  time  of  Pascal  to  that  of 
Lftplace."    Svo.     iSj.  - 

RESEARCHES  IN  THE  CALCULUS  OF  FARIA- 
TIONS,  principally  on  the  Theory  of  Discontmnous  Solutions  : 
an  Essay  to  which  the  Adams  Prize  was  awarded  in  the 
University  of  Cambridge  in  1871.     Svo.     6x. 
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TOD  HUNTER  CotiHnuet^ 

A  HISTORY  OF  THE  MATHEMATICAL  THEORIES 
OF  ATTRACTION,  AND  THE  FIGURE  OF  THE 
EARTH,  from  the  time  of  Newton  to  that  of  Laplace.  2  vols. 
8yo.    24r. 

AN  ELEMENTARY  TREATISE  ON  LAPLACE S, 
LAMES,  AND  BESSEVS  FUNCTIONS.  Crown  8m 
IQf.  6^. 

WILSON  (J.  VL.)^ELEMENTARY  GEOMETRY.  Books 
I.  to  V.  Containing  the  Subjects  of  Euclid's  first  Six 
Books.  Following  the  Syllabus  of  the  Geometrical  Association. 
By  J.  M.  Wilson,  M.A.,  Head  Master  of  Clifton  College. 
New  Edition.     Extra  fcap.  Svo.     4^.  6d, 

SOLID  GEOMETRY  AND  CONIC  SECTIONS.  With 
Appendices  on  Transversals  and  Harmonic  Division.  For  the 
Use  of  Schools.  By  J.  M.  Wilson,  M.A.  New  Edition. 
Extra  fcap.  Svo.    ^r.  6d. 

vnUBOn-^GRADUATED  EXERCISES  IN  PLANE  TRI- 
GONOMETRY. Compiled  and  arranged  by  J.  Wilson, 
M.A.^  and  S.  R.  Wilson,  B.A.    Crown  Svo.     [ImmecUatdy. 

WII.SON  (W.  P.)-^  TREATISE  ON  DYNAMICS.  By 
W.  P.  Wilson,  M.A.,  Fellow  of  St.  John's  College,  Cam- 
bridge^ and  Professor  of  Mathematics  in  Queen's  College^ 
Belfast    Svo.    gs.  6d. 

VroiMWS^JX'aOJM,^— MATHEMATICAL  PROBLEMS,  on 
Subjects  included  in  the  First  and  Second  Divisions  of  the 
Schedule  of  Subjects  for  the  Cambridge  Mathematical  Tripos 
Examination.  Devised  and  arranged  by  Joseph  Wolsten- 
HOLME,  late  Fellow  of  Christ's  College,  sometime  Fellow  of 
St.  John's  College,  and  Professor  of  Mathematics  in  the  Royal 
Indian  Engineering  College.  New  Edition  greatly  enlaxged. 
Svo.     iSr. 
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SCIENCE. 

SCIENCE   PRIMERS   FOR    ELEMENTARY 

SCHOOLS. 

Under  the  joint  Editorship  of  Professors  Huxley,  Roscoe,  and 

Balfour  Stewart. 

''These  Primers  are  extremely  simple  and.  attractive,  and  thoroughly 
answer  their  purpose  of  pust  leading  the  young  be^nner  up  to  the  thresh- 
old of  the  long  avenues  in  the  Palace  of  Nature  which  these  titles  suggest." 
—Guardian. 

"They  are  wonderfully  clear  and  lucid  in  thdr  instmctioa,  ample  in 
style,  and  admirable  in  plan. ' — Educational  Times. 

CHEMISTRY  —  By  H.  E.  RoscoE,  F.R.S.,  Professor  of 
Chemistry  in  Owens  College,  Manchester.  With  numerous 
lUuBtrations.     i8mo.     u.    New  Edition.    With  Questions. 

"A  very  model  ci  perspicacity  and  accuracy,  "-^hbmist  and  Drug- 
gist. 

PHYBI08 — ^By  Balfour  Stewart,  F.R.S.,  Professor  of  Natural 
Philosophy  in  Owens  Colleg«>  Manchester.  With  ntunerous 
Illustrations.     i8mo.     is.    New  Edition.    With  Questions. 

PHY8ZOAL  GBOGRAPHY— By  ARCHIBALD  Geikie,  F.R.S. 

Murchison   Professor  of  Geology  and  Mineralogy  at  Edin 

burgh.     With  numerous  Illustrations.     New  Edition,  with 

Questions.     i8mo.    is. 

"Everyone  of  his  lesaoos  is  masked  by  simplicity,  clearness,  and 
conrectness." — ^ATHBNiBUM. 

OBOIiOaY  —  By  Professor   Geikie,    F.R.S.     With   numerous 

Illustrations.    New  Edition.     i8mo.  cloth,     is. 

"  It  is  hardly  possible  for  the  dullest  child  to  misunderstand  the  meamng 
af  a  classification  of  stones  after  Rrafessor  Geikie's  explanatioii.''— School 

BOAKD  CUKONICLB. 

PHYBIOIiOGY— By  MiCHASL  Foster,  M.D.,  F.R.S.  With 
numerous  Illustrations.    New  Edition.     iSmo.     is, 

**  The  book  seems  to  us  to  leave  nothing  to  be  denred  as  aa  demeatary 

text-book.  "—ACADKMY. 
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SCICNCB  PRIMERS   Continued^ 

ASTRONOMY  —  By   J.    NoRMAN    LOCKYER,     F.R.S.      With 

numerous  Illustrations.     New  Edition.     i8mo.     is, 

"This  is  altogether  one  of  the  most  likely  attempts  we  have  ever  seen  to 
bring  astronomy  down  to  the  capacity  of  the  young  child." — School 
Board  Chroniclb. 

SOTANT — By  Sir  J.  D.   HooKER,   K.C.S.I.,   C  B.,   President 

of  the  Royal  Society.     With  numerous  Illustrations.     New 

Edition.     i8mo.     u. 

"To  teachers  the  Primer  will  be  of  inestimable  value,  and  not  only 
because  of  the  simplicity  of  the  language  and  the  clearness  with  which  the 
subject  matter  is  treated,  but  also  oo  account  of  its  coming  from  the  highest 
authority,  and  so  furnishing  positive  information  as  to  the  most  suitable 
mehods  of  teaching  the  science  of  botany." — Nature. 

LOGIC— By  Professor  Stanley  Jevons,  F.R.S.     New  Edition. 

i8mo.     Is, 

"  It  appears  to  us  admirably  adapted  to  serve  both  as  an  iatroducticn 
to  scientific  leasoning,  and  as  a  guide  to  sound  Judgment  and  reasoning 
in  the  ordinary  affairs  of  life.'* — ^Acadbmy. 


l^OlflTXCAL     EObNOirv— By    Professor    Stanley    Jevons, 
F.R.S.     i8mo.     IS. 

**  Unquestionably  In  every  respect  an   admirable  .firimer."— School 

fiOABD  ChRONICLS.. 

In  preparation : — 
INTRODUCTORY.    By  Professor  Huxley.    &c.  &c. 


ELEMENTARY   CLASS-BOOKS. 

ASTRONOMV,  by  the  Astronomer  Royal« 

POPULAR  ASTRONOMY,  With  Iflustrations.  By  Sir 
G.  B.  Airy,  K.C.B.,  Astronomer  Royal.  New  Edition. 
i8mo.     ^s,  6d.' 

ASTRONOMY. 

ELEMENTARY  LESSONS  IN  ASTRONOMY.  With 
Coloured  Diagram  of  the  Spectra  of  the  Sun,  Stars,  and 
Nebulae,  and  numerous  Illustrations.  By  J.  NosJiAN  Lockyer, 
F.R.S.     New  Edition.     Fcap.  8vo.     y.  daT. 

"Full,  clear,  sound,   and  worthy  of  attention,  not  only  as  a  popular 
exposition,  but  as  a  scientific  '  Index.' "— ATHBNJBun. 
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ELEMENTARY  CLASS-BOORS  Continued-^ 

QUESTIONS  ON  LOCKYEF^S  ELEMENTARY  LES- 
SONS  IN  ASTRONOMY.  For  the  Use  of  Scliools.  By 
John  Forbes-Robertson.    i8mo.  cloth  limp.    i^.  6d, 

PHYSIOIiOGY. 

LESSONS  IN  ELEMENTARY  PHYSIOLOGY,  With 
numerous  Illustrations.  ByT.  H.  Huxley,  F.R.S.,  Professor 
ot  Natural  History  ki  the  Royal  School  of  Mines.  New 
Edition.     Fcaip.  8vo.     4^.  6^. 

*.*  Pare  gold  throughout.**— <7Uakdi an. 

"  Unquestionably  the  clearest  and  most  complete  elementary  treatise 
on  this  subject  that  we  possess  in  any  language.  '* — Westminster  Review. 

QUESTIONS  ON  HUXLEY'S  PHYSIOLOGY  FOR 
SCHOOLS,     By  T.  Alcock,  M.D.     i8mo.     u.  6d, 

BOTANY. 

LESSONS    IN    ELEMENTARY    BOTANY,      By    D. 
Oliver,  F.R.S.,  F.L.S.,  Professor  of  Botany  in  University 
College,  London.     With  nearly  Two  Hundred  Illustrations 
New  Edition.    Fcap,  %y&,     ^,  6d, 

CHEMISTRY. 

LESSONS  IN  ELEMENTARY  CHEMISTRY,  ''  IN- 
ORGANIC AND  ORGANIC,  By  Henry  E.  Roscoe, 
F.R.S.,  Professor  of  Chemistry  in  Owens  College,  Manchester. 
With  numerous  lUustratiofls  and  Chromo-Litho  of  the  Solar 
Spectrum,  and  of  the  Alkalies  and  Alkaline  Earths.  New 
Edition.     Fcap.  8vo.     4^.  ^, 

"  As  a  standard  general  text-book  it  deserves  to  take  a  leading  {>Iace." — 
Spectator. 

**  We  unhesitatingly  pronounce  it  the  best  of  all  our  elementary  treatises 
on  Chemistry." — Medical  Times. 

A  SERIES  OF  CHEMICAL  PROBLEMS,  prepared  with 
Special  Refereiice  to  the  above,  by  T.  E.  Thorpe^  Ph.D., 
Professor  of  Chemistry  in  the  Yorkshire .  College  of  Science, 
Leeds.  Adapted  for  the  preparation  of  Students  for  the 
Government,  Science,  and  Society  of  Arts  Examinations.  With 
«  Preface  by  Professor  Roscoe.  Fifth  Edition,  i^ith  Key, 
i8mo.     2s. 
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filiBMENTARY  CLASS-BOOKS  CimHnued— 

POUTICAIi  BOONOMY. 

POLITICAL    ECOI/OMY    FOR    BEGINNERS.      By 

MiLLiCENT  G.  Fawcett.    New  Edition.     i8mo.    2f.  6tL 

**  Ocar,  compact,  and  comprehensiTe.'* — Daily  Nbws. 
"  The  relations  cf  capital  and  labour  have  never  been  mote  saply  or 
more  clearly  expound^" — Cohtbmfobakt  Fjevibw. 

iioaxc. 

ELEMENTARY  LESSONS  IN  LOGIC;  Deductive  and 

Inductive,   with   copious    Questions   and    Examples,  and  a 

Vocabulary  of  Logical  Terms.  By  W.  Stanley  Jevons,  M.A, 

Professor  of  Political  Economy  in  University  College,  Xx>ndon. 

New  Edition.    Fcap.  8vo.     3J.  6d, 

**  Nothing  can  be  better  for  a  school-book."— On asdian. 

**•  A  maniial  alike  sample,  interesting,  and  sdendfic"— ^thbiubum. 

PHYSICS. 

LESSONS  IN  ELEMENTARY  PHYSICS,  By  Balfour 
Stewart,  F.R.S.,  Professor  of  Natural  Philosophy  in  Owens 
Collie,  Manchester.  With  numerous  Illustrations  and  Chromo- 
litho  of  the  Spectra  of  the  Sua,  Stars,  and  Nebulae.  New 
Edition.     Fcap.  8vo.    41.  6d. 

''The  beau-ideal  of  a  scientific  text-book,  clear,  accnrat^  apd  thoroag^" 

£OUCATI01«AL  TiMBS. 

PRACTXOAXi  OHBB^ZSTRY, 

THE  OWENS  COLLEGE  JUNIOR  COURSE  OF 
PRACTICAL  CHEMISTRY.  By  Francis  J0NE5,  Chemifial 
Master  in  the  Grammar  School,  M^chester.  With  iPr^face  by 
Professor  RoscoE,  and  Illustrations.     New  Edition.     i8mo. 

ANATOMY. 

LESSONS  IN  ELEMENTARY  ANATOMY.  9y  St. 
George  Mivart,  F.R.S.,  Lecturer  in  Comparative  A:DzX.omj 
at  St.  Mary's  HospitaL  Wi^h  upwards  ol*  400  Ilhistrations. 
Fcap.  8vo.    6s.  dd. 

"  It  may  be  questioned  whether  any  odier  wor^  on  ai^tamy  contuns  in 
like  cominss  so  proportionately  great  a  mass  of  information.''— Lancbt. 

"  The  woik  is  excellent,  and  should  be  in  the  hands  of  eirory  stude^  of 
human  anatomy."— Mbdical  Timbs. 
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EIiBMENTABY  CXUkSS-BOOKS  CtmHnuid-^ 

MECHANICS. 

AN  ELEMENTARY  TREATISE.  By  A.  B.  W. 
Kennedy,  C.E.,  Professor  of  Applied  Mechanics  in  University 
College,  London.     With  Illustrations.  [In  preparation, 

STEAM. 

AN  ELEMENTARY  TREATISE.  By  John  Perry, 
Professor  of  Engineering,  Imperial  College  of  Engineering, 
Yedo.  With  numeroos  Woodcuts  and  Numerical  Examples 
and  Exercbes.     i8mo.    4r.  6d. 

**  The  yotu^  engineer  and  those  seeking  for  a  comprehensive  knowledge 
of  the  use,  power,  and  economy  of  steam,  could  not  have  a  more  usefnl 
work,  as  it  is  very  intelligible,  well  arrangod,  and  practical  throughout."— 

IXOMMOHGBIK. 

PHYSICAIi  GEOGRAPHY. 

ELEMENTARY  LESSONS  IN  PHYSICAL  GEO- 
GRAPHY.  By  A.  Geirib,  F.R.S.,  Murchison  Professor 
of  Geology,  &c.,  Edinburgh.  With  numerous  Illustxations. 
Fcap.  8vo.     4f.  td, 

QUESTIONS  ON  THE  SAME.    is.  6d. 


.CLASS-BOOK  OF  GEOGRAPHY.  By  C.  B.  Clarke,  M.A., 
F.R.G.S.     Fcap.  8vo.     2s.  6d. 

NATXntAIi  PRIL080PRV. 

NATURAL   PHILOSOPHY  FOR  BEGINNERS.      By 
I.   ToDHUNTER,   M.A.,   F.R.S.     Part  I.  The  Properties  of 
Solid  and  Fluid  Bodies.     iSmo.     y.  6d. 
Part  II.  Sound,  Light,  and  Heat.     i8mo.     y.  6d, 

SOVJUJ}— AN  ELEMENTARY  TREATISE,  By  W.H.  Stone, 
M.D.,  F.R.S.     With  Illustrations.     i8m6.  [In  the  Prea. 

Others  in  preparation. 
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MANUALS    FOR    STUDENTS. 

Crown  8vo. 

AND  VVREA— THE  STRUCTURE  OF  PLANTS.  By 
Professor  Thiselton  Dyer,  F.R.S.,  assisted  by  Sydney 
Vines,  B.Sc,  Fellow  and  Lecturer  of  Christ's  College, 
Cambridge.     With  numerous  Illustrations.        [In  preparatioiu 

PAWCETT— ^  MANUAL  OP  POLITICAL  ECONOMY. 
By  Professor  Fawcett,  M.P.  New  Edition,  revised  and 
enlarged.     Crown  8vo.     I2J.  6</. 

FLEISCHER—^  SYSTEM  OF  VOLUMETRIC  ANALY- 
SIS. Translated,  with  Notes  and  Additions,  from  the  second 
German  Edition,  by  M.  M.  Pattjlson  Muir,  F.R.S.E.  With 
Illustrations.     Crown  8vo.     ^s,  ^ 

ri.OWBR  (W.  n.)'-AN INTRODUCTION  TO  THE  OSTE- 
OLOGY OF  THE  MAMMALIA,  Being  the  substance  of 
the  Course  of  Lectures  delivered  at  the  Royal  Collie  of 
Surgeons  of  England  in  1870.  By  Professor  W.  H.  Flower, 
F.RS.,  F.R.C.S.  With  numerous  Illustrations.  New  Edition, 
enlarged.     Crown  8vo.    lOJ.  6d, 

FOSTER  and  BAJ^TOVB,— THE  ELEMENTS  OF  EMBRYO- 
LOGY.  By  Michael  Foster,  M.D.,  F.R.S.,  and  F.  M. 
Balfour,  M.A.    Part  I.  crown  8vo.    ^s,  6d. 

FOSTER  and  I.ANai«EY— yi  COURSE  OF  ELEMENTARY 
PRACTICAL  PHYSIOLOGY,  By  Michael  Foster, 
M.D.,  F.R.S.,  and  J.  N.  Langley,  B.A.  New  Edition. 
Crown  8vo.     6j. 

HOOKER  {1>T,)—THE  STUDENTS  FLORA  OF  THE 
BRITISH  ISLANDS.  By  Sir  J.  D.  Hooker,  K.C.S.L, 
C.B.,  F.R.S.,  M.D.,  D.C.L.  New  Edition,  revised.  Globe 
8vo.     10s.  6/ 
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MANUAIiS  FOR  STUDENTS  Continued— 

'  VLJ3yLUES[— PHYSIOGRAPHY,  An  Introduction  to  the  Study  of 
Nature.  By  Professor  HuxLEY,  F.R.S.  With  numerous  Illus- 
trations, and  Coloured  Plates.  New  Edition.  Crown  8vo.   7^.6^. 

HUXLEY  and  MAItTXM— ^  COURSE  OF  PRACTICAL 
INSTRUCTION  IN  ELEMENTARY  BIOLOGY,  By 
Professor  Huxley,  F.R.S.,  assisted  by  H.  N.  Martin,  M.B., 
D.Sc.     New  Edition,  revised.     Crown  8vo.    6j. 

HUXLEY     and     VKBLK.'B'B,^  ELEMENTARY    BIOLOGY. 

PART  II,      By  Professor    Huxley,   F.R.S.,    assisted   by 

—  Parker-    With  Illustrations.  \Jn  preparation, 

JJtVONS— THE  PRINCIPLES  OF  SCIENCE.  A  Treatise 
on  Logic  and  Scientific  Method.  By  Professor  W.  Stanley 
Jevons,  LL.D.,  F.R.S.  New  and  Revised  Edition.  Crown 
8vo.     I2s,  6ti, 

Ol»lMIS.R{Vroteunory-FIRSTB00Iir0FINDIANBOTANY. 
By  Professor  Daniel  Oliver,  F.R.S.,  F.L.S.,  Keeper  of 
the  Herbarium  and  Library  of  the  Royal  Gardens,  Kew, 
With  numerous  lUustcations.    Extra  fcap.  8vo.     6s,  6d, 

PARKER  and  BmTAMlt—THE  MORPHOLOGY  OF 
THE  SKULL,  By  professor  Parkbr  and  G.  T.  Bettany. 
Illustrated.    Crown  8vo.     lar.  dd, 

TPaT—AN  ELEMENTARY  TREATISE  ON  HEAT,  By 
Professor  Tait,  F.  R.  S.  E.     Illustrated.  [In  the  Press, 

TnoftLBOU— ZOOLOGY,  By  Sir  C.  Wyville  Thomson,  F.R.S. 
Illustrated.  [In  preparation, 

TYLOR  and  J^AKKHBTSR—  ANTHROPOLOGY,  By  E.  B. 
Tylor,  M.A.,  F.R.S.,  and  Professor  E.  Ray  Lankester, 
M.A.,  F.R.S.     Illustrated.  [In  preparation. 

Other  volumes  of  these  Manuals  will  follow. 
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SCIENTIFIC    TEXT-BOOKS. 

(B.  m.,  iL.Ja,.\--EXPERlMENTAL  MECHANICS.  A 
Coarse  of  Lectures  delivered  at  the  Royal  College  of  Science 
for  Ireland.  By  R.  S.  Ball,  A.M.,  Professor  of  Applied 
Mathematics  and  Mechanics  in  the  Royal  College  of  Science 
for  Ireland.     Royal  8vo.     i6f. 


^A  TEXT  BOOK  OF  PHYSIOLOGY.  By  Michael 
Foster,  M.D.,  F.R.S.  With  Illustrations.  New  Edition, 
enlarged,  with  additional  Illustrations.     8yo.    2Ij. 

GAMGSE  —A  TEXT-BOOK,  SYSTEMATIC  AND  PRAC- 
TICALy  OF  THE  PHYSIOLOGICAL  CHEMISTRY  OF 
THE  ANIMAL  BODY.  Including  the  changes  which  the 
Tissues  and  Fluids  undergo  in  Disease.  By  A.  Gamgee, 
M.D.,  F.R.S.,  Professor  of  Physiology,  Owens  College, 
Manchester.    8vo.  \ln  preparation, 

Qt^ORH-BAOB,— ELEMENTS  OF  COMPARATIVE  ANA- 
TOMY, By  Professor  Carl  Gegenbaur.  A  Translation  by 
F.  Jeffrey  Bell,  B.  A.  Revised  with  ^Preface  by  Professor 
E.  Ray  Lankester,  F.R.S.  With  numerous  Illustrations. 
Svo.     2 1  J. 

KImAUBIVH— MECHANIC AL^  THEORY  OF  HE  A  T.  Trans- 
lated by  Walter  K.  Browne.     Svo.  [In  preparation, 

JX'EWCOlilL'B-'POPULAR  ASTRONOMY.  By  S.  Newcomb, 
LL.D.,  Professor  U.S.  Naval  Observatory.  With  112  Illus- 
trations and  5  Maps  of  the  Stars.     Svo.     1 85. 

'*  It  is  unlike  anything  else  of  its  kind,  and  will  be  of  more  use  in  circulatinff 
a  knowledge  of  astronomy  than  nine-tenths  of  the  books  which  have  appeared 
on  the  subject  of  late  years." — Saturday  Revieu, 

KBVLXJLJJX,  ^  THE  KINEMATICS  OF  MACHINERY. 
Outlines  of  a  Theory  of  Machines.  By  Professor  F.  Reuleaux. 
Translated  and  Edited  by  Professor  A.  B.  Kennedy,  C.£. 
With  450  Illustrations.     Medium  8vo.    2IJ. 
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SCIENTIFIC  TEXT-BOOKS  Continued^ 

ROSCOBaad  SGHORItBMMBR— C!^i?iTfZS'7^  K,  A  Complete 
Tieatise  on.  By  Professor  H.  E.  ROSCOB,  F.R.S.»  and  Pro- 
fessor C.  ScHORLEMMER,  F.R.S.  Medium  8vo.  Vol.  I. — 
The  Non-Metallic  Elements.  With  numerous  Illustrations,  and 
Portrdt  of  Dalton.  2IJ.  Vol,  H. — Metals.  Part  I.  illus- 
trated.    i8j.  [Vol,  If , — Metals,     Pari  II,  in  the  Prsss. 

SCBORUBMMEIt— ^  MANUAL  OF  THE  CHEMISTRY  OF 
THE  CARBON  COMPOUNDS,  OR  ORGANIC  CHE- 
MISTRY.  By  C;  Schorlemmer,  F,R.S.,  Professor  of 
Chemistry,  Owens  College,  Manchester.  With  Illustrations. 
8vo.     14J. 

t 

NATURE    SERIES. 

THE  SPECTROSCOPE  AND  ITS  APPLICA  TIONS.  By 
J.  Norman  Lockyer,  F.R.S.  With  Coloured  Plate  and 
numerous  Illustrations.   Second  Edition.   Crown  Svo.    jj.  6</. 

THE  ORIGIN  AND  METAMORPHOSES  OF  INSECTS. 
By  Sir  JoHi)  Lubbock,  M.P.,  F,R.S.,  D.C.L.  With  nume* 
rous  Illusppations.     Second  Edition.    Crown  Svo.    3^.  6d. 

THE  TRANSIT  OF  VENUS.  By  G,  Forbes,  M.A.,  Pro- 
fessor of  NatUrdI  Philosophy  in  the  Andersonian  University, 
Glasgow.    Illustrated.     Crown  8va     3^.  6d. 

THE  COMMON  FROG.  By  St.  George  Mivart,  F.R.S., 
Lecturer  in  Comparative  Anatomy  at  St  Mary's  Hospital. 
With  numerous  Illustrations.    Crown  Svo.    3;.  6d, 

POLARISATION  OF./JGHT,  Bjr  W,  SPOTTIswoode,  F.R.S. 
With  many  Illustrations.  Second  Edition.  Crown  8vo. 
Ss.6d. 

ON  BRITISH  WILD  FLOWERS  CONSIDERED  IN  RE- 
LATION TO  INSECTS,  By  Sir  John  Lubbock,  M.P., 
F.R.S.  With  numerous  Illustrations.  Second  Edition.  Crown 
Svo.    4r.  6d. 

THE  SCIENCE  OP  tV^SIGHlNG  AND  MEASURING,  AND 
THE  STANDARDS  OF  MEASURE  AND  WEIGHT. 
By  H.  W.  Chisholm,  Warden  of  the  Standards.  With 
numerous  Illustrations.     C^own  Svo.  '  ^s,  6^. 
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HOIV  TO  DRAW  A  STRAIGHl  LINE z  a  Lectnre  <m  Link. 
fl^es.  B3rA.B.KxMPX.  M^thmastntBoas.  Ciowb9vo.  is.  6t/. 

LIGHT:  a  Series  of  Simple^  entertaiiiiiig»  and  Inexpenshre  Expe- 
riments in  the  Phenomena  of  Light,  for  the  Use  of  Stndents  of 
every  age.  By  A.  M,  VUciYS.  and  C.  Barnard.  CioiraSTOk 
with  nnmerous  Illustrations,     zr.  6d, 

SOUND :  a  Series  of  Simple,  Entertaining,  and  Inexpensive  Ex- 
periments in  the  Phenomena  of  Sound,  for  the  use  <^  Students 
of  every  age.  By  A.  M.  Mayer,  Professes  of  Physics  in 
the  Stevens  Institute  of  Technology,  &c  With  numerous 
Illustrations.     Crown  8vo.     3x.  6d, 

FIELD  GEOLOGY.  By  Prof.  Geikie,  F.R.S.,  Director  of  the 
Geolc^cal  Survey  of  Scotland.  \In  the  Press. 

Other  voiuma  to  folUw, 

EASY  LESSONS  IN  SCIENCE. 

HEAT.  By  Miss  C.  A.  Martineau.  Edited  by  Prof.  W.  F. 
Barrett.  [In  preparation. 

LIGHT,    By  Mrs.  Awdry.    Edited  by  Prof.  W.  F.  Barrett. 

[In  preparatwn. 

ELECTRICITY.     By  Prof.  W.  F.  Bai^rett.      [In  preparation. 

SCIENCE    LECTURES   AT    SOUTH 
KENSINGTON. 

VOL.  I.  Containing  Lectures  by  Capt  Abney,  Prof.  Stoxss, 
Prof.  Kennedy,  F.  G.  Bkamwell,  Prof.  Gw  Forbes,  H.  C 
SORBY,  J,  T.  Bottomley,  S.  H.  Vines,  and  Prof.  Carey 
Foster.    Crown  8to.    ts. 

VOL.  IL  Containing  Lectures  by  W.  SpofrxswooDE,  P.R.S., 
Prot  Forbes,  Prof.  Pigot,  Prof.  Barrett,  Dr.  Burdon- 
Sanderson,  Dr.  Lauder  Brunton,  F.R.S.,  Piof.  Roscoe, 
and  others.    Crown  8vo.    ds. 
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MANCHESTER    SCIENCE     LECTURES 
FOR    THE    PEOPLE. 

*  Eighth  Series,  1876-7.    Crown  8vo.   Illustrated.    6d,  each. 
WHAT  THE  EARTH  IS   COMPOSED   OF.    By  Professor 

ROSCOE,  F.R.S. 
THE   SUCCESSION  OF   LIFE   ON   THE   EARTH.    By 

Professor  Williamson,  F.R.S., 

WHY^  THE  EARTHS  CHEMISTRY  IS  AS  IT  IS.     By 
J.  N.  LOCKYER,  F.R.S. 
Also  complete  in  One  Volume.     Crown  8vo.  doth.    2s. 

BLANPORD— r^uB  RUDIMENTS  OF  PHYSICAL  GMO- 
GRAPHY  FOR  THE  USE  OF  INDIAN  SCHOOLS; 
with  a  Glossary  of  Technical  Terms  employed.  By  H.  F. 
Blanford,  F.R.S.  New  Editioii,  with  lUustrations.  Globe 
Svo.     2s.  6d 

OGKDOV^AN  ELEMENTARY  BOOK  ON  HEAT.  By 
J.  E.  H.  Gordon,  B.A.,  Gonville  and  Caius  College,  Cam- 
bridge.    Crown  Svo.    2s. 

m'K:BVil}ILlCK— OUTLINES  OF  PHYSIOLOGY  IN  ITS 
RELATIONS  TO  MAN.  By  J.  G.  M'Kendrick,  M.D., 
F.R.S.E.     With  Illustrations.     Crown  Svo.     12s.  6d. 

VLUaaM-STUDIES  IN  COMPARATIVE  ANATOMY. 

No.  I. — The  Skull  of  the  Crocodile :  a  Manual  for  Students. 
By  L.  C.  MiALL,  Professor  of  Biology  in  the  Yorkshire  Coll^fe 
and  Curator  of  the  Leeds  Museum.     Svo.    2s.  6d. 

No.  n. — Anatomy  of  the  Indian  Elephant.  By  L.  C.  Mi  all 
and  F.  Greenwood,     With  Illustrations.    Svo.    5^. 

mvrBi— PRACTICAL  CHEMISTRY  FOR  MEDICAL  S7U- 
DENTS.  Specially  arranged  for  the  first  M.B.  Course.  By 
M.  M.  Pattison  Muir,  F.R.S.E,    Fcap.  Svo.     is.  6d, 

mUAXiIS--AN ELEMENTARY  TREATISE  ON  HEAT,  IN 
RELATION  TO  STEAM  AND  THE  STEAM-ENGINE. 
By  G.  Shann,  M.A.    With  Illustrations.    Crown  Svo.   as.  6d. 

vmiQUT— METALS  AND  THEIR  CHIEF  INDUSTRIAL 
APPLICATIONS.  By  C.  Alder  Wright,  D.Sc,  &c. 
Lecturer  on  Chemistry  in  St.  Mary's  Hospital  Medica  School. 
Extra  fcap.  Svo.     3*.  6d. 

c 
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HISTORY. 

-^STORIES  FROM  THE  HISTORY  OF  ROME, 
By  Mrs.  Beesly.     Fcap,  8vo.     2s.  6d. 

"  The  attempt  appears  to  us  in  every  way  successfuL  The  stories  are 
interesting  in  themselves,  and  are  told  with  perfect  simplicity  ami  good 
feeling," — Daily  News, 

FREEMAN  (ED^ITARD  A,.\^OLD-ENGLISH  HISTORY, 
By  Edward  A.  Freeman,  D.C.L.,  LL..D.,  late  Fellow  ef 
Trinity  College,  Oxford.  With  Five  Coloured  Maps.  New 
Edition.    Extra  fcap,  Svo.  half'bound.    dr. 

ORBEN— ^    SHORT    HISTORY"  OF     THE     ENGLISH 
PEOPLE,     By  John  Richard  Grebn.     With  Coloured 
Maps,     Genealogical    Tables,    and    Chronological    Annals. 
Crown  8m     8^.  ^.    Fifty-fifth  Thousand. 

"  Stands  alone  as  the  one  general  history  of  the  country,  for  tlie  sake 
<^  which  all  others,  if  young  and  old  are  wise,  will  he  speedily  and  «urely 
^et  aside."— Academy. 

HISTORICAIi  COURSE  FOR  SCHOOLS  ~  Edited  by 
Edward  A.  Freeman,  D.C.L.,  late  Fellow  of  Trinity 
College,  Oxford, 

L  GENERAL  SKETCH  OF  EUROPEAN  HISTORY, 
By  Edward  A.  Freeman,  D.C.L.  New  Edition,  revised 
and  enlarged,  with  Chronological  Table,  Maps,  and  Index. 
iSmo.  cloth.  3 J.  6d, 

**  It  supplies  the  great  want  of  a  good  foundation  for  historical  teaching. 
The  scheme  is  ah  excellent  one,  and  this  instalment  has  been  executed  m 
a  way  that  ivomises  much  for  the  volumes  that  are  yet  to  ai^iear."— 
'  Educational  Times. 

II.  HISTORY  OF  ENGLAND,     By  Edith  Thompson. 
New  Edition,  revised  and  enlarged,  with  Maps.    i8mo.   2i-«  ^ 

in.  History    of    Scotland,     By  Margaret 

Macarthur.     New  Edition.     iSmo.'    2J. 

*'  Aft  excellent  summary,  unimpeachable  as  to  facts,  and  pntdag  tkea 
in  the  clearest  and  most  impartial  light  attainable.''-*<JrUAR]:>iAM. 

IV.  HISTORY  OF  ITALY.    By  the  Rev.  W.  Hunt,  M.A. 
i8mQ.    3*. 

"It  possesses  the  same  solid  merit  as  its  predecessors  «...  the  same 
scrupulous  care  about  fidelity  in  details.  ...  It  is  'distinguished,  too,  br 
information  pa  art,  architecture,  tmd  social  politics,  in  wnich  the  writers 
erasp  is  seen  by  the  firmiless  and  clearness  of  his  touch"— Educatiomal 
Times. 
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HISTORICAI.  COURSE  FOR  SCHOOIaS  C<mHnued^ 

V.  HISTORY  OF  GERMANY.       By   J.    Sime,    M.A, 

i8mo.     3  J, 

"A  remarkably  clearT^and  impresdve  history  of  Germany.  Its  great 
events  are  wisely  kept  as  central  figures,  and  the  smaller  events  are  care- 
fully kept,  not  only  subordinate  and  subservient,  but  most  skilfully  woven 
into  the  texture  of  the  historical  tapestry  presented  to  the  eye." — 
Standard. 

VI.  HISTORY  OF  AMERICA.      Bj  JoHN  A.  Doyle. 
With  Maps.     i8mo.    4^.  6d, 

*'  Mr.  Doyle  has  performed  his  task  with  admirable  care,  fulness,  and 
clearness,  and  for  the  first  time  we  have  for  schools  an  accurate  ami  inter- 
esting history  of  America,  from  the  earliest  to  the, present  time."-^ 
Standard. 

EC/ROPEAN COLONIES.    By  E.  J.  Payne,  M.  A.     With 
Maps.     i8mo.     4^.  6d, 

"We  have  seldom  met  with  an  nistorian  capable  of  •forming  a  more 
comprehensive,  far-seeing,  and  unprejudiced  estimate'  of  events  and 
peoples,  and  we  can  commend  this  little  work  as  one  certain  to  prove  of 
the  highest  &terest  to  all  thoughtful  readers."— Timbs. 

FRANCE.     By  Charlotte  M.  YoNGE.        [In  preparation. 

GREECE.    By  Edward  A.  Freeman,  D.C.L'. 

[In  preparation. 

ROME.   By  Edward  A.  Freeman,  D.C.L.   [In  preparation, 

HISTORY    PRIMERS— Edited  by  JOHN    RICHARD    Green. 
Author  of  **  A  Short  History  of  the  English  People." 

ROME.    By  the  Rev.  M.    Creighton,  M.A.,  Fellow  and 
Tutor  of  Merton  College,  Oxford.    With  Eleven  Maps.    i8mo. 

IS, 

"The  author,  has  been  curiously  successful  in  telling  in  an  intelli- 
gent way  the  story  of  Rome  from  first  to  last." — School  Board 
Chronicle. 

GREECE,    By  C.  A.  Fyffe,  M.A.,  Fellow  and  late  Tutor 

of  University  College,  Oxford.     With  Five  Maps.    i8mo.    is. 

"We  give  our  unqualified  praise  to  this  little  manual,*'— School- 
master. 

EUROPEAN  HISTORY,    By  E.  A.   Freeman,  D.C.L., 
LL.D.    With  Maps.     iSmo.     is. 

"The  work  is  always  clear,  and  forms  a  luminous  key  to  European 
history." — School  Board  Chronicle, 


38      MACMILLAN'S  EDUCATIONAL  CATALOGUE. 


HISTORY  PBIMBmS  CimHnued— 

GREEK  ANTJQUniES.    By  the  Rcr.  J.  P.  Mahafft, 
M,A.    Blnstiated.     iSmo.    u. 


"  AU  that  is  necessary  for  the  scholar  to  know  is  told  so  compocdr  jec 
so  folly,  and  in  a  style  so  interesting,  that  it  \&  imposnble  fiv  even  the 
dullest  boy  to  look  on  thb  little  work  in  the  same  light  as  he  reeards  hb 
other  school  books."— Schoolmastxs. 

CLASSICAL  GEOGRAPHY.      By  H.  F.  Tozer,   M.A 

i&no,     I/. 

"Another  Talnable  aid  to  the  study  of  die  anrinrf  mtkL  ...  It 
contains  an  enormous  quantity  tS.  information  padced  into  a  small  mce^ 
and  at  the  same  time  commumcated  in  a  yery  readable  shape."— Johv 
Bull. 

GEOGRAPHY.    By  George  Grove,  D.C.L.    With  Maps. 
i8mo.     I  J. 

"A  model  of  what  such  a  work  should  be  ....  we  know  of  no  short 
treatiw  better  suited  to  infuse  life  and  spirit  into  the  doll  lists  of  proper 
names  of  which  our  ordinary  dass-boola  so  often  almost  exclusiyely 
consist."— Times. 

ROMAN  ANTIQUITIES.    By  Professor  WiLKiNS.     lUns- 
trated.     i8mo.     \s, 

"  A  little  book  that  throws  a  blaze  of  light  on  Roman  History,  and 
is,  moreover,  intensely  interesting." — School  Board  Chronicle. 

FRANCE,    By  Charlotte  M.  Yonge.    i8mo.    \s. 

In  preparation : — 
ENGLAND.    By  J.  R.  Green,  M.A. 

MIOHBI.ET— ^  SUMMARY  OF  MODERN  HISTORY, 
Translated  from  the  French  of  M.  Michelst,  and  coatinaed 
to  the  Present  Time,  by  M.  C,  M.  Simpson.  Globe  Sva 
4J.  6d, 

cmk—SCANDINAVIAN   HISTORY.      By    K    C.    OTri. 

With  Maps.     Globe  8vo,     6j. 

• 

ViLVW^PICTURES  OF  OLD  ENGLAND.  By  Dr.  R. 
Pauli.  Translated  with  the  sanction  of  the  Author  by 
E.  C.  Ott6.    Cheaper  Edition.     Crown  8vo.     6j. 

^hVt— ANALYSIS  OF  ENGLISH  HISTORY,  based  od 
Green's  **  Short  History  of  the  English  People."  By  C.  W.  A. 
Tait,  M.A.,  Assistant  Master,  Clifton  College.     Crown  %so. 
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YONGE  (CHARIfOTTE  M.)—A  PARALLEL  JUSTORY  OF 
FRANCE  AJ^D  ENGLAND.\  consisting  of  Outlines  and 

.  .  Dates.  3y  Chaklotte  M.  Yonge,  Author  of  "  The  Heir 
of  Redclyffe,"  &c.,  &c.     Oblong  4tou  .  3j.  .  ^, 

CAMEOS  FROM  ENGLISH  HISTORY,  —  ERC»I 
ROLLO  TO  EDWARD  II.  By  the  Author  of  «•  The  Heir 
of  Redclyffe."    Eztra'fcap.  8vo.    New  Edition.    $s, 

A  SECOND  SERIES  OF  CAMEOS  FROM  ENGLISH 
HISTORY— T^^  WARS  IN  FRANCE.  New  Edition. 
Extra  fcap.  8vo.    5j. 

A  THIRD  SERIES  OF  CAMEOS  FROM  ENGLISH 
^/^rO^F— THE  WARS  OF  THE  ROSES.  New  Edition. 
Extra  fcap.  Svo.     5^. 

A  FOURTH  SERIES.  [/» the  press, 

EUROPEAN  HISTORY.  Narrated  in  a  Series  of 
Historical  Selections  from  the  Best  Authorities.  Edited  and 
arranged  by  E.  M.  Sewell  and  C.  M.  Yonge.  First  Series, 
1003 — 1 1 54.  Third  Edition.  Crown  Svo.  6s.  Second 
Series,  1088 — 1228.    New  Edition.    Crown  Svo.    6s. 


DIVINITY. 

For   other    Wwks    by   these    Authors,    see    Theological 

Catalogue. 


»  • 


ABBOTT  (RBV.  E.  A,,)— BIBLE  LESSONS,  By  the  Rev. 
E.  A.  Abbott,  D.D.,  Head  Master  of  the  City  of  London 
School.     New  Edition.     Crown  Svo.     4^.  6d, 

'*  Wise,  suggestive,  and  really  profound  initiation  into  religious  thought ' ' 
— Guardian. 

ARNOLD—^  BIBLE-READING  FOR  SCHOOLS—TllE. 
GREAT  PROPHECY  OF  ISRAEL'S  RESTORATION 
(Isaiah,  Chapters  xl. — Ixvi.)*  Arranged  and  Edited  for  Young 
Learners.  By  Matthew  Arnold,  D.C.L.,  formerly 
Professor  of  Poetry  in  the  University  of  Oxford,  and  Fellow 
of  Oriel.     New  Edition.     iSmo.  cloth,     is. 
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ISAIAH  XL.'-LXVL  With  the  Shorter  Prophcdcs  allied 
to  it  Axianged  and  Edited,  with  Notes,  bj  Matthkw 
Arnold.    Crown  8to.    y. 

aOU>BH  ntBASUKY  PSAIABR—Stndents'  Edition.  Beii^ 
an  Edition  of  '^The  Psahns  ChronologicaDj  Anai^^  bj 
Foot  Friends,"  with  briefer  Notes.     iSmo.    31.  6k£, 

aREBK  TB8TAMB1IT.  Edited,  with  Introduction  and  Appen- 
dices, by  Canon  Wbstcott  and  Dr.  F.  J.  A.  Hort.  Two 
Vols.     Crown  8vo.  \In  the  press. 

HARDlRriCK— Works  by  Archdeacon  Hardwick. 

A  HISTORY  OF  THE  CHRISTIAN  CHURCH. 
Middle  Age.  From  Gr^ory  the  Great  to  the  Excommuni- 
cation of  Luther.  Edited  by  William  Stubbs,  M.A.,  R^ns 
Professor  of  Modem  History  in  the  University  of  Oxford. 
With  Four  Maps  constructed  for  this  work  by  A.  Keith  John- 
ston.    Fourth  Edition.     Crown  8vo.     loj.  6d. 

A  HISTOR  y  OF  THE  CHRISTIAN  CHURCH  DURING 
THE  REFORM  A  TION  Fourth  Edition.  Edited  by  Pro- 
fessor Stubbs.     Crown  8vo.     loj.  6^. 

JLlva— CHURCH  HISTORY  OF  IRELAND.     By  the  Rev. 
Robert  King.     New  Edition,    2  vols.    Crown  8vo. 

[In  preparation. 

MACIiSAR— Works  by  the  Rev.  G.  F.  Maclear,  D.D.,  Head 
Master  of  King's  College  School. 

A  CLASS-BOOK  OF  OLD  TESTAMENT  HISTORY. 
New  Edition,  with  Four  Maps.     i8mo.    4s-.  6d. 

A  CLASS-BOOK  OF  NEW  TESTAMENT  HISTORY, 
including  the  Connection  of  the  Old  and  New  Testament 
With  Four  Maps.     New  Edition.     i8mo.    .$s,  6d. 

A  SHILLING  BOOK  OF  OLD  TESTAMENT 
HISTOR  Y^  for  National  and  Elementary  Schools.  With 
Map.     i8mo.  doth.    New  Edition. 

A  SHILLING  BOOK  OF  NEW  TESTAMENT 
HISTORY,  for  National  and  Elementary  Schools.  With 
Map.     i8mo.  cloth.     New  Edition. 
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MACIiEAR  ConHnued— 

These  works  have  been  carefully^abridged  from  the  author's 
larger  manuals. 

CLASS-BOOK  OF  THE  CATECHISM  OF  THE 
CHURCH  OF  ENGLAND.     New  Edition.     i8mo.  cloth. 

A  FIRST  CLASS-BOOK  OF  fHE  CATECHISM  OF 
THE  CHURCH  OF  ENGLAND^  with  Scripture  Proofs, 
for  Junior  Classes  and  Schools.     i8mo.    6</.    New  Edition. 

A  MANUAL  OF  INSTRUCTION  FOR  CONFIRMA- 
TION AND  FIRST  COMMUNION.  WITH PRA  VERS 
AND  DEVOTIONS.    32mo.  cloth  extra,  red  edges.    8j. 

M'OI.BLI.AN— r^y^  NEW  TESTAMENT  A  New  Trans- 
lation on  the  Basis  of  the  Authorised  Version,  from  a  Critically 
revised  Greek  Text,  with  Analyses,  copious  References  and 
Illustrations  from  original  authorities,  New  Chronological 
and  Analytical  Harmony  of  the  Four  Gospels,  Notes  and  Dis- 
sertations. A  contribution  to  Christian 'Evidence.  By  John 
Brown  M'Clellan,  M.A.,  late  Fellow  of  Trinity  College, 
Cambridge.  In  Two  Vols.  Vol.  I. — The  Four  Gospels  with 
the  Chronological  and  Analytical  Harmony.     8vo.     30;;. 

"  One  of  the  most  remarkable  productions  of  recent  times,**  says  the 
7 hecit^ical RevieWy  "in  this  department  of  sacred  literature;"  and  the 
British  Quarteriy  Kcview  terms  it  "a  thesaurus  of  first-hand  investiga- 


tions." 


yiAVB,101&—THE  LORD'S  PRA  YER,  THE  CREED,  AND 

THE  COMMANDMENTS.  Manual  for  Parents  and  School- 
masters. To  which  is  added  the  Order  of  the  Scriptures.  By  the 
Rev.  F.  Denison  Maurice,  M.A.     i8mo.  cloth,  limp,     is, 

PROCTER—^  HISTORY  OF  THE  BOOK  OF  COMMON 
PRAYER,  with  a  Rationale  of  its  Offices.  By  Francis 
Procter,  M.A.  Thirteenth  Edition,  revised  and  enlarged. 
Crown  8v0.     10s.  6d. 
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PROCTER  AND  Jajka^U^KU— AN  ELEMENTARY  INTRO- 
DUCTION  TO  THE  BOOK  OF  COMMON  PRA  YER, 
Re-arranged  and  supplemented  by  an  Explanation  of  the- 
Moming  and  Evening  Prayer  and  the  Litany.  By  the- 
Rev.  F.  P&OCTER  and  the  Rev.  Dr.  Maclbas.  New* 
and  Enlarged  Edition,  contaming  the  Communion  Service  and' 
the  Confirmation  and  Baptism^  Offices.     i8mo.    21*.  4^. 

PSALMS  OF  DAVID  CHRONOIiOOIOAI«IiY  ARRAMGBD. 
By  Four  FMoftdft.  An  Amended  Version,  with  Historioal 
Introduction  and  Explanatory  Notes.  Secotid  and  Ches^>er 
Edition,  with  Additions  and  Corrections.    Cr.Svo.     &r.  6</. 

'BiAMnAY--TffECATECHISEJ^S MANUAL;  or,  the  Church 
Catechism  Illustrated  and  Explained,  for  the  Use  of  Clergy- 
men, Schoolmasters,  and  Teachers.  By  the  Rev.  Arthur^ 
Ramsay,  M.A.    New  Edition.     i8mo.     is.  6d. 

BlMPaON—AN  EJPITOME  OF  THE  HISTORY  OF  THE 
CHRISTIAN  CHURCH,  By  William  Simpson,  M.A. 
New  Edition.     Fcap.  8vo.     3^.  6</. 

TRENCH— By  R.  C.  TRENCH,  D.D.,  Archbishop  of  Dublin. 
LECTURES  ON  MEDIEVAL  CHURCH  HISTORY. 
Being  the  substance  of  Lectures  delivered  at  Queen's  Collie, 
London.     Second  Edition,  revised.     8vo.     I2J. 

SYNONYMS  OF  THE  NEW  TESTAMENT,  Eighth 
Edition,  revised.     8vo.     I2s, 

WE8TCOTT — Works  by  Brooke  Foss  Westcott,  D.D.,  Canon 
of  Peterborough. 

A  GENERAL  SURVEY  OF  THE  HISTORY  OF  THE 
CANON  OF  THE  NEW  TESTAMENT  DURING  THE 
FIRST  FOUR  CENTURIES,  Fourth  Edition.  With 
Preface  on  "Supernatural  Religion.'*    Crown  8vo.     lar.  (d. 

INTRODUCTION  TO  THE  STUDY  OF  THE  FOUR 
GOSPELS.    Fifth  Edition.     Crown  8vo.     IQS,  6d, 
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'WE8TCOTT  Continued — 

THE  BIBLE  IN  THE  CHURCH.  A  Pdpular  Account 
of  the  Collection  and  Reception  of  the  Holy  Scriptures  in 
the  Christian  Churches.  New  Edition.  i8mo.  cloth. 
4J.  (id, 

THE  GOSPEL  OP  THE  RESURRECTION.     Thoughts- 
on   its    Kektion  to   Reason  and   History.      New   Edition. 
Crown  8vo.    6j. 

WILSON— r^-ff  BIBLE  STUDENT'S  GUIDE  to  the  m^re 
Correct  Understanding  of  the  English  Translation  of  the  Oldi 
Testament,  by  reference  to  the*  original  Hebrew.  By  William 
Wilson,  D.D.,  Canon  of  Winchester,  late  Fellow  of  Queen's 
College,  Oxford.  Second  Edition,  carefully  revised.  4ta. 
cloth.     25J. 

YON6E  (CHARItOTTE  VL^y-SCRIPTURE  READINGSPOR 
SCHOOLS  AND  FAMILIES.  By  Charlotte  M.  Yonge,. 
Author    of    *'The    Heir    of  Reddyffe." 

First  Series.  Genesis  to  Deuteronomy.  Globe  8vo. 
IS.  6d.     With  Comments.     3^.  6d, 

Second  Series.  From  Joshua  to  Solomon.  Extra  fcap. 
8vo,     IS.  6d.    With  Comments,  3^.  6d. 

Third  Series.  The  Kings  and  the  Prophets.  Extva  fcap. 
8vo.     Is.  6d.    With  Comments,  3J.  6d. 

Fourth  Series.  The  Gospel  Times,  is.  6d^  With 
Comments^  extra  fcap.  Svo.,  3j.  6^. 

Fifth  Series.  \In  the  press, 

MISCELLANEOUS. 

Including  works  on  English,  French,  and  German  Language  ana 
lAierature,  Art  Hand-books,  ib^c,  &^c. 

ABBOTT—^  SHAKESPEARIAN  GRAMMAR.  An  Attempt 
to  illustrate  some  of  the  Differences  between  Elizabethan  and 
Modem  English.  By  the  Rev.  E.  A.  Abbott,  D.D.,  Head 
Master  of  the  City  of  London  School.  New  Edition.  Extra, 
fcap.  8vo.     6s. 
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ANDERSON  — Z/A'^^^  PERSPECTIVE,  AND  MODEL 
DRA  WING,  A  School  and  Art  Class  Manual,  witli  Questions 
and  Exerdses  for  Examination,  and  Examples  of  Examination 
Papers.  By  Laukencs  Andsb30N.  With  lUustzatioDs. 
Royal  8vo.     2s» 


—FIRST  LESSONS  IN  THE  PRINCIPLES  OF 
COOKING,    By  Lady  Barker.    New  Edition.     i8mo.   \s. 


\—LE  BARBIER  DE  SE  VILLE.  Edited, 
with  Introduction  and  Notes,  by  L.  P.  Bloust,  Assistant 
Master  in  St.  Paul's  School.     Fcap,  8vo,     3J.  6^. « 


—FIRST  LESSONS  ON  HEALTH.     By  J.  Ber- 
NERS.     New  Edition.     i8mo.     is, 

mMlLKlSTOK—THE  TEACHER,  Practical  Suggestions  for 
the  improvement  of  Primary  Instruction.  By  J.  R.  Blakiston, 
M.  A.,  H.M.  Inspector  of  Schools.    Crown  8vo. 

[Imrfiediately. 

BRBYMANN — Works  by  HERMANN  Breymann,  Ph.D.,  Pro- 
fessor of  Philology  in  the  University  of  Munich. 

A  FRENCH  GRAMMAR  BASED  ON  PHILOLOGICAL 
PRINCIPLES,     Second  Edition.     Extra  fcap.  8vo.    4s.  6d, 

FIRST  FRENCH  EXERCISE  BOOK,     Extra  fcap.  8vo. 
4f.  (id, 

SECOND  FRENCH  EXERCISE  BOOK,  Extra  fcap.  8vo. 
2s,  6d, 

OA.l.J>EXWOOiy-HANDB00K  OF  MORAL  PHILOSOPHY. 
By  the  Rev.  HeKry  Calderwood,  LL.D.,  Professor  of 
Moral  Philosophy,  University  of  Edinburgh.  New  Edition. 
Crown  8vo.    6s, 

OEI.AMOTTE— ^  BEGINNEI^S  DRAWING  BOOK.  By 
P.  H.  Delamotte,  F.S.A.  Progressively  arranged.  New 
Edition  improved.     Crown  8vo.     3J.  6d, 

TAVrCUTT— TALES  IN  POLITICAL  ECONOMY,  By 
MiLLiCENT  Garrett  Fav^^cett.    Globe  8vo.    3^. 
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-SCHOOL  INSPECTION.  By  D.  R.  FeaRON, 
M.A.,  Assistant  Commissioner  of  Endowed  Schools.  Third 
Edition.     Crown  8vo.     25,  6d, 

GI.Al>molSTt—SPJSZLING  REFORM  FROM  AN  EDU- 
CATIONAL POINT  OF  VIEW.  By  J.  H.  Gladstone, 
F.R.S.,  Member  for  the  School  Board  for  London.  New 
Edition.    Crown  8vo.     w.  6^. 

GOIiDSMITH— T'.^^  TRAVELLER^  or  a  Prospect  of  Society ; 
and  THE  DESERTED  VILLAGE.  By  Oliver  Gold- 
smith.. With  Notes  Philological .  and  Explanatory,  byj.  W. 
Hales,  M.A.     Crown  8vo.    &/. 

OVLEBIX— READINGS  FROM  ENGLISH  HISTORY.  Se- 
lected and  Edited  by  John  Richard  Green,  M.A.,  LL.D., 
Honorary  Fellow  of  Jesus  College,  Oxford.  Three  Parts. 
Globe  Svo.     IJ.  6d.  each.  {Shortly. 

WUadB»-^LONGER  ENGLISH  POEMSy  ^-ith  Notes,  Philo- 
logical  and  Explanatory,  and  an  Introduction  on  the  Teaching 
of  English.  Chiefly  for  Use  in  Schools.  Edited  by  J.  W. 
Hales,  M.A,,  Professor  of  English  Literature  at  King's 
College,  London,  &c.  &c.      New  Edition.      Extra  fcap.  Svo. 

HOI.B— ^  GENEALOGICAL  STEMMA  OF  THE  KINGS 
OF  ENGLAND  AND  FRANCE,  By  the  Rev*  C.  Hole. 
On  Sheet.     \s. 

JOHNSON'S  LIVES  OF  THE  POETS.  The  Six  Chief  Lives 
(Milton,  Dryden,  Swift,  Addison,  Pope,  Gray),  with  Macaulay*s 
"Life  of  Johnson."  Edited  with  Preface  by  Matthew 
Arnold.     Crown  Svo.    6^. 

XjITEKATURE  primers— Edited  by  John  Richard  Greew, 
Author  of  "  A  Short  History  of  the  English  People." 

ENGLISH  GRAMMAR.  By  the  Rev.  R.  Morris,  LL.D.. 
sometime  President  of  the  Philological  Society.  iSmo. 
cloth,     is. 
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CiXTBRATURB  FftlMSRB  Cofttmued— 

ENGLISH  GRAMMAR  EXERCISES.  By  R.  Morris, 
LL.D.,  and  H.  C.  Bowen,  M.A.     i8mo.     u. 

THE  CHILDREN'S  TREASURY  OP  LYRICAL 
POETRY,  Selected  and  arranged  with  Notes  by  Francis 
Turner  Palgrave.    In  Two  Parts.    iSmo.     li.  each, 

ENGLISH  LITERATURE.  By  the  Rev.  Stopford 
Brooke,  M.A.    New  Edition.    i8mo.     u. 

PHILOLOGY.    By  J.  Peile,  M. A.     i8mo.     \s. 

GREEK  LITERATURE,  By  Professor  Jebb,  M.A.  i8ma  u, 

^HAKSPERE.    By  Professor  DowDEN.     i8mo.     u. 

HOMER,  By  the  Right  Hon.  W.  E.  Gladstone,  M.P. 
i8mo.     IS, 

ENGLISH  COMPOSITION,   By  Professor  NicKOL.   xSrao. 

IS, 

In  preparation  :- 

GEOGRAPHY  OF  GREA  T  BRITAIN  AND  IRE- 
LAND. By  J.  R.  Green,  and  Alice  Stopford  Green. 

[Nearly  ready. 

LA  TIN  LITERA  TURE.    By  Professor  Sbeley. 

HISTOR  Y  OF  THE  ENGLISH  LANGUA GE,      By 
J.  A.  H.  Murray,  LL.D, 

MACKX&UkN'S  COPY-BOOK8- 

Published  in  two  sizes^  viz. :— r 

1.  Large  Post  4to,     Price  4//.  each. 

2.  Post  OWong.    Price  3^.  each. 

^I.  INITIATORY  EXERCISES  <&*  SHORT  LETTERS 
^2,  WORDS  CONSISTING  OF  SHORT  LETTERS. 


«-< 
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VACMIlsIiAN'8  COPY-BOOKS  Continued-- 

*3.    LONG  LETTERS.      With    words    containing    Long 
Letters — ^Fig^res. 

*4.   WORDS  CONTAINING  LONG  LETTERS. 

4a.  PRACTISING  AND  REVISING  COPY-BOOK.     For 
"Nos.  I  to  4. 

*5.  CAPITALS  AND    SHORT  HALF- TEXT.      Words 
beginning  with  a  Capital. 

*6.  HALF- TEXT   WORDS,   beginning    with  a  Capital- 
Figures. 

*7.  SMALL-HAND  AND  HALF-TEXT.     With  Capitals 
and  Figares. 

*8.  SMALL-HAND  AND  HALF^TEXT.    With  Capitals 
and  Figures. 

8a,  PRACTISING  AND  REVISING  COPY-BOOK.    For 
Nos.  5  to  8. 

*9.  SMALL-HAND  SINGLE  HEADLINES-^-Tigat^. 

10.  SMALL-HAND  SINGLE  HEADLINES^Figaxes. 

♦11.  COMMERCIAL     AND     ARITHMETICAL     EX- 
AMPLES, iS^'c. 

12a.  PRACTISING  AND  REVISING  COPY-BOOK.    For 

Nos.  8  to  12. 

*  Tkese  nufnbers  may  be  had  7vUh  Goodmatis  Patent  Sliding 
Copies.     Large  Post  4to.     Price  6^.  each. 


By  a  simple  device  the  copies,  which  are  printed  upon  separate 
slips,  are  arranged  with  a  movable  attachment,  by  which  they 
are  adjusted  so  as  to  be  directly  before  the  eye  of  the  pupil  at 
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MACMIIiIiAN'S  COPY-BOOKS  QonHnuid— 

all  points  of  his  progress.  It  enables  him,  also,  to  keep  his 
o\vn  faults  concealed,  with  perfect  models  constantly  in  view 
for  imitation.  Every  experienced  teacher  knows  the  advantage 
of  the  slip  copy,  but  its  practical  application  has  never  before 
been  successfully  accomplished.  This  feature  is  secured  ex- 
clusively to  Macmillan's  Copy-books  under  Goodman's  patent. 
An  inspection  of  books  written  on  the  old  plan,  with  copies 
at  the  head  of  the  page,  will  show  that  the  lines  last  written  at 
the  bottom  are  almost  invariably  the  poorest.  The  copy  has 
been  too  far  from  the  pupil's  eye  to  be  of  any  practical  use, 
and  a  repetition  and  exaggeration  of  his  errors  have  been  the 
result. 

MACMILIaAN'S   PROGRESSIVE   FRENCH   COURSE— By 

G.  Eugene-Fasnacht,  Senior  Master  of  Modem  Languages, 
Harpur  Foundation  Modem  School,  Bedford. 

I. — First  Year,  containing  Easy  Lessons  on  the  Regular  Ac- 
cidence.    Extra  fcap.  Svo.    .  i^. 

11. — Second  Year,  containing  Conversational  Lessons  on 
Systematic  Accidence  and  Elementary  Syntax.  With  Philo- 
Ic^cal  Illustrations  and  Etymological  Vocabulary.     \s.  6d, 

vuLcmxLLAX's  p&ooRS8szir&  asRasAir  comtss— By 

G.  Eugene  Fasnacht. 

Part  I. — First  Year.  Easy  Lessons  and  Rules  on  the  Regular 
Accidence.     Extra  fcap.  Svo.     is.  6d, 

Part  IX.-'— Second  Year.  Conversational  Lessons  in  Sys- 
tematic Accidence  and  Elementary  Syntax.  With  Philological 
Illustrations  and  Etymological  Vocabulary.  Extra  fcap. 
Svo,     ax, 

MARTIN— r^^  PORT'S  HOUR:  Poetry  selected  and 
arranged  for  Children.  By  Frances  Martin.  Third 
E(lition.     l8mo.,    zs.  6^, 

SPRING-TIME  WITH  THE  POETS:  Poetry  selected  by 
Frances  Martin.    Second  Edition.     i8mo.    3j.  6d, 
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MA880N  (GU8TAVB)— ^  COMPENDIOUS  DICTIONARY 
OF  THE  FRENCH  LANGUAGE  (French-EngUsh  and 
Englisb-Frencli).  Followed  by  a  List  of  the  Principal  Di- 
veiging  Derivations,  and  preceded  by  Chronological ,  and 
Historical  Tables,  By  GusTAVB  Masson,  Assistant-Master 
and  Librarian,  Harrow  School  Fourth  Edition.  .Crown  8vo. 
half-bound,     ts, 

MORRIS— Works  by  the  Rev.  R.  MoRRis,  LL.D.,  Lectuiser 
on  English  Language  and  Literature  in  King's  Collie 
School. 

HISTORICAL  OUTLINES  OF  ENGLISH  ACCIDENCE, 
comprising  Chapters  on  the  History  and  Development  of  the 
Language,  and  on  Word-formation.  New  Edition.  Extra 
fcap.  8vo.    6f. 

ELEMENTARlt  LESSONS  IN  HISTORICAL 
ENGLISH  GRAMMAR,  containing  Accidence  and  Word- 
formation.    New  Edition.     iSmo.     2s,  6d, 

PRIMER  OF  ENGLISH  GRAMMAR.     i8mo.     u. 

VtlOOIr-HISTORV  OF  THE  FRENCH  LANGUAGE, 
with  especial  reference  to  the  French  element  in  English.  By 
Hensy  Nicol,  Member  of  the  Philological  Society. 

[In  preparation, 

OImIVUAKT—THE  OLD  AND.  MIDDLE  ENGLISH,  A 
New  Edition  of  "  THE  SOURCES  OF  STANDARD 
ENGLISH,^'  revised  and  greatly  enlarged.  By  T.  Kington 
Oliphant.    Extra  fcap.  8vo.    95. 

VSlImQBJLVI^-^THE  CHILDREN'S  TREASURY  OF 
LYRICAL  POETRY,  Selected  and  Arranged  with  Notes 
by  Francis  Turner  Palgrave.  i8mo.  2s.  6d,  Also  in 
Two  parts.     i8mo.     is,  each. 

PIiUTARCH — Being  a  Selection  from  the  Lives  which  Illustrate 
Shakespeare.  North's  Translation.  Edited,  with  Intro- 
ductions, Notes,  Index  of  Names,  and  Glossarial  Inc'^x,  by 
the  Rev.  W.  W.  Skeat,  M.A.     Crown  8vo.    6a 

d 
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-amumvt^NEW  GUIDE  TO  GERMAN  CONVERSA- 
TION: containing  an  Alphabetical  List  of  nearly  Soo  Familiar 
Words  followed  by  Exercises,  Vocabnlaiy  of  Words  in  fiequcnt 
use  ;  Familiar  Phrases  and  Dialogues ;  a  Sketch  of  German 
Literatare,  Idiomatic  Expresdions,  &c«  By  L.  Ptix>D£T. 
iSmo.  cloth  limp.    2r.  ^hL 

A    SYNOPSIS   OF   GERMAN   GRAMMAR.    Frcmi  the 
aboYe.     i8mo.    6d, 

KBADIN6  BOOKS— Adapted  to  the  English  and  Scotch  Codes. 
Bound  in  Cloth. 


PRIMER, 

i8ma     (48  pp.) 

2d. 

BOOK    I. 

for  Standard    L 

i8mo.      (96  pp.) 

4d. 

..       II. 

II. 

i8mo.    (144  pp.) 

5^. 

M    in. 

IIL 

i8mo.    (160  pp.) 

6J. 

„      IV. 

IV. 

i8mo.     (176  pp.) 

&/. 

.,       V. 

V. 

i8mo.    (380  pp.) 

Is. 

..      VL 

VL 

Crotrti  8vo.     (430 

PP-) 

2J. 

Book  VI.  is  fitted  for  higher  Classes,  and  as  an  Introduction  to 
English  Literature. 

'*  They  are  far  above  any  others  that  have  appeared  both  hi  form  and 
substance.  .  .  .  The  editor  of  the  present  -series  has  rightly  seen  thai 
reading  books  must  '  aim  chiefly  at  giving  to  the  pu[^is  the  power  of 
accurate,  and,  if  possible,  apt  and  skilful  expression  ;  at  cultivating  in 
them  a  good  literary  taste,  and  at  arousing  a  desire  of  further  reading. 
This  Is  done  by  taking  care  to  select  the  extracts  firom  true  English  classics, 
going  up  in  Standard  VI.  course  to  Chaucer,  Hooker,  and  Bacon,  as  well 
as  Wordsworth,  Macaulay,  and  Froude.  .  .  .  This  is  quite  on  the  right 
track,  and  indicates  justly  the  ideal  which  we  ought  to  set  before  us.  — 
Guardian. 


I— A  SHAKESPEARE  MANUAL.  By  F.  G. 
FleaY;  M.A.,  Head  Master  of  Skipton  Grammar  Schocl. 
Second  Edition.     Extra  fcap.  8vo.    4;.  (>d. 

AN  ATTEMPT  TO  DETERMINE  THE  CHRONO- 
LOGICAL ORDER  OF  SHAKESPEARE'S  PLAYS, 
By  the  Rev.  H.  Paine  Stokes,  B.A.  Extra  fcap.  8va 
4.r.  (>d, 

THE  TEMPEST.  With  Glos55arial  and  Explanatory  Notes. 
By  the  Rev.  J.  M.  Jephson.    Second  Edition.     iSmo.     xs. 
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SONNENSCHEIN  and  MEIKI.EJOHN  —  7 HE  ENGLISH 
METHOD  OF  TEACHING  TO  READ.  By  A.  SoN- 
NSNSCHEiN  and  J.  M.  D.  Meiklejohn,  M.A.    Fcap.  8vo. 

COMPRISING  : 

THE  NURSERY  BOOK,  containing  all  the  Two-Letter 
Words  in  the  Language.  \d,  (Also  in  Large  Type  oa 
Sheets  for  School  Walls.     5^.) 

THE  FIRST  COURSE^  consisting  of  Short  Vowels  with 
Single  Consonants.     6^    ^ 

THE  SECOND  COURSE,  with  Combinations  and  Bridges, 
consisting  of  Short  Vowels  with  Double  Consonants,     dd, 

THE  THIRD  AND  FOURTH  COURSES,  consisting  of 
Long  Vowels,  and  all  the  Double  Vowels  in  the  Language. 

6d. 

« 
;       "  These  are  admirable  books,  because  they  are  constructed  on  a  prin- 
dple,  and  that  the  simplest  principle  on  which  it  b  possible  to  learn  to  read 
English. "— Spbctator. 

TANNER— ^/^^^  PRINCIPLES  OF  A  GRICUL  TURE.     By 

H.    Tanner,    F.C.S.,    Professor   of    Agricultural    Science, 

University  College,  Aberystwith,  &a     i8mo.     is. 
t 

^KXltOVi— WORDS  AND  PLACES;  or.  Etymological  Illus- 
trations of  History,  Ethnology,  and  Geography.  By  the  Rer. 
Isaac  Taylor,  M.A.  Third  and  cheaper  E^lition,  revised 
and  compressed.     With  Maps.     Globe  8vo.     6s, 

A   HISTORY  OF   THE   ALPHABET,      By   the  same 
Author.  [In  preparation, 

TAm^U-^A  PRIMER  OF  PIANOFORTE  PLA  YING.  By 
Franklin  Taylor.   Edited  by  George  Grove.    i8mo.    u 


^HOUSEHOLD     MANAGEMENT   AND 

COOKERY.     With  an  Appendfac  of  Recipes   used  by  the 

Teachers  of  the  National  School  of  Cookery.     By  W.  B. 

TbgeTMEIER..    Compiled  at  the  request  of  the  School  Board 

for  London.     iSmo.     \s. 
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THIIINGI — Works  by  Edward  Thring,  M.  A.,  Head  Master  of 
Uppingham. 

THE  ELEMENTS  OF  GRAMMAR  TAUGH7  IN 
ENGLISH,     With  Questions.     Fourth  Edition.    i8mo.     2J. 

THE    CHIUyS   GRAMMAR.      Being   the  Substance   of 
"The  Elements  of  Grammar  taught  in  English,"  adapted  for 
c  -^   the  Use  of  Junior  Classes.     A  New  Edition.     i8mo.     is, 

SCHOOL  SONGS,  A  Collection  of  Songs  for  Schools. 
With  the  Music  arranged  for  four  Voices.  Edited  by  the 
Rev.  E.  Thring  and  H.  Riccius.     Folio,     'js,  6d. 

TRENCH  (ARCHBISHOP)— Works  by  R.  C.  TRENCH,  D.D., 
Archbishop  of  Dublin. 

HOUSEHOLD  BOOK  OF  ENGLISH  POETRY.  Selected 
and  Arranged,  with  Notes.    Second  Edition.    Extra  fcap.  8vo. 

ON  THE  STUDY  OF  WORDS.  Lectures  addressed 
(originally)  to  the  Pupils  at  the  Diocesan  Training  School, 
Winchester.     Seventeenth  Edition,  revised.     Fcap.  8vo.     5j. 

ENGLISH,  PAST  AND  PRESENT,  tenth  Edition, 
revised  and  improved.     Fcap.  8vo.     5j. 

A  SELECT  GLOSSARY  OF  ENGLISH  WORDS,  used 
formerly  in  Senses  Different  from  their  Present.  Fcap. 
Svo.    4J.  dd.  [New  Edition  in  the  Press. 

VAUGHAN  (O.  M.)-  WORDS  FROM  THE  POETS.  By 
C.  M.  Vaughan.    Eighth  Edition.     i8mo.  cloth,     u. 

W^lB,-^HARRISON  WEIR'S  DRAWING  COPY-BOOKS. 
Oblong  4to.     1.  Animals.  [In  preparation. 

WHITNEY— Works  by  WiLLlAM  D.  WHITNEY,  Professor  of 
Sanskrit  and  Instructor  in  Modem  Languages  in  Yale  Collie ; 
first  President  of  the  American  Philological  Association,  and 
hon.  member  of  the  Royal  Asiatic  Society  of  Great  Britain  and 
Ireland  ;  and  Correspondent  of  the  Berlin  Academy  of  Sciences. 

A    COMPENDIOUS    GERMAN    GRAMMAR.    Crown 
Svo.     4f.  6d, 
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VrUlTti^'Y  CofUinued— 

A  GERMAN  READER  IN  PROSE  AND  VERSE,  with 
Notes  and  Vocabulary.     Crown  8vo.     5^. 

-WBHOm—SCIIOOL  COOKERY.  Edited  by  C.  E.  GuTfiRiB 
Wright,  Hon.  Sec.  to  the  Edinboigh  School  of  Cookery. 
x8mo*  [Sh<nily. 

WHITNEY  AND  EDGRBN— ^  COMPENDIOUS  GERMAN 
AND  ENGLISH  DICTIONARy,  with«  Notation  of  Cor- 
respondences and  Brief  Etymologies.  By  Professor  W,  D» 
Whitney,  assisted  by  A.  H.  Edgren.     Crown  8vo.     ^s,  6d, 

THE  GERMAN-ENGLISH  PART,  separately,  5/. 

YONGB  (OHARLOTTB  VL.>—THE  ABRIDGED  BOOK  OF 
GOLDEN  DEEDS.  A  Reading  Book  for  SdM>ols  and 
general  readers.  By  the  Author  of  "The  Heir  of  Red- 
dyffe."    iSmo.  doth.    u. 


MACMILLAN'S 

GLOBE    LIBRARY. 

Beautifully  printed  on  toned  paper,  price  y.  6d.  each.     Also  kept 
in  various  morocco  and  calf  bindings,  at  moderate  prices. 

The  Saturday  Review  says  : — **  The  Globe  Editions  are  admirable 
for  their  scholarly  editing,  their  typbgraphical  excellence,  their 
compendious  form,  and  their  cheapness." 

.  The  Daily  Telegraph  calls  it  **  a  series  yet  unrivalled  fcHT  its  com- 
bination of  excellence  and  cheapness." 

SHAKESPEARE S  COMPLETE  WORKS.  Edited  by  W.  G. 
Clark,  M.A.,  and  W.  Aldis  Wright,  M.A.    With  Glossary. 

MORTE  D' ARTHUR,  Sir  Thorny  Malory's  Book  of  King 
Arthur  and  of  his  Noble  Knights  of  the  Round  Table.  The 
Edition  of  Caxton,  revised  for  Modern  Use.  With  an  Intro- 
duction, Notes,  and  Glossary,  by  Sir  Edward  Strachey. 

BC/RATS'S  COMPLETE  WORKS:  the  Poems,  Songs,  and 
Letters,  Edited,  with  Glossarial  Index  and  Biographical 
Memoir,  by  Alexander  Smith. 

ROBINSON  CRUSOE.  Edited  after  the  Original  Editions,  with 
Biographical  Introduction,  by  Henry  Kingsley. 

SCOTT'S  POETICAL  WORKS.  With  Biographical  and  Critica 
Essay,  by  Francis  Turner  Palgrave. 

GOLDSMITH'S  MISCELLANEOUS  WORKS.  With  Bio- 
graphical  Introduction  by  Professor  Masson. 

SPEN<:EKS  complete  works.  Edited,  with  Glossary, 
by  R.  Morris,  and  Memoir  by.  J,  W.  Hales. 

POPE'S  POETICAL  WORKS.  Edited,  with  Notes  and  Intro- 
ductory Memoir,  by  Professor  Ward. 

DRY  DEN'S  POETICAL  WORKS.  Edited,  with  a  Revised 
Text  and  Notes,  by  W.  D.  Christie,  M,A.,  Trinity  College, 
Cambridge. 

COWPEKS  POETICAL  WORKS.  Edited,  with  Notes  and 
Bibgraphical  Introduction,  by  W.  Beniiam. 

VIRGWS  WORKS.  Rendered  into  English  Prose.  With  Intro- 
ductions, Notes,  Analysis,  and  Index,  by  J,  Lonsdale,  M.A., 
and  S.  Lee,  M.A. 

HORA  CE.  Rendered  into  English  Prose.  With  running  Analysis, 
Introduction,  and  Notes,  by  J.  Lonsdale,  M.A.,  and  S.  Lee, 
M.A. 

MILTON'S  POETICAL  WORKS.  Edited,  with  Introductions, 
&c.,  by  Profes5?or  Masson. 
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